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ABSTRACT OF THE DISSERTATION

Tension Optimization Control of the Cable-driven Boat motion simulator, and the Design of
Pipeline Exploration and Inspection Robot

by

Joon Young Jang

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2024

Professor Thomas Bewley, Chair

This study consists of two parts, and the first part is the Cable-driven boat motion
simulator. In naval operations, vertical take-off and landing (VTOL) drones are widely used as
cost-effective assets that are easy to maneuver, enhancing the reconnaissance and surveillance
capabilities of ships. Despite their advantages, these drones have limited operational time and
need to return to the base platform. To address the challenge of developing drone landing systems,
conducting experiments at sea poses significant costs and risks. This dissertation proposes the

utilization of a ground-based motion simulator that mimics the 6-DOF motion of a boat. The

XV



simulator aims to replicate the sea environment up to sea state 6 on the Doublas scale. To
achieve motion control and optimization of the cable-driven boat motion simulator, a Control
Lyapunov function-based Quadratic Program (CLF-QP) control method was studied. Given
the importance of cable tension in cable-driven robots, the CLF-QP control method facilitates
platform movement in the desired 6-DOF motions while ensuring that cable tensions remain
within specified limits. In addition to the investigation into designing a boat motion simulator,
a related research project focused on camera image-based pose estimation for drone landing.
This study is preliminary research on drone landing control and specifically addresses the 3D
rotation estimation of a moving platform using 2D images captured by a camera. The research
assumes the presence of a circular pattern marker on the flight deck of a ship, with the drone
hovering at the center of the platform. Equipped with a camera, the drone captures 2D images
of the markers and measures the distance between them. As the platform rotates, the circular
pattern of markers transforms into an ellipse. The study derives the ellipse equation from the
marker positions on the ellipse, utilizing geometry and trigonometric functions to determine the
platform’s rotation sequence. By estimating the platform’s rotation, the drone can effectively
determine the optimal timing for the platform to rotate within the drone’s capacity to land safely.
The proposed method was validated through simulation and hardware testing, with a subsequent
discussion on the platform state, and tension tracking errors obtained by a motion capture system
and load-cell tension sensors.

The second part of this study is the Pipeline exploration and inspection robot. The
research introduces a new robot design specifically tailored for inspecting, exploring, and
mapping intricate pipe networks featuring multiple curves and joints. The proposed robot, named
Model S4, stands out for its simplicity, high maneuverability, and static stability, achieved through
the incorporation of four omniwheels arranged in a single plane at the robot center. The robot
is equipped with high-torque motors that effectively control roll motions. The robot employs a
spring-servo motor integrated series elastic actuator to enhance stability. This mechanism ensures

that the robot maintains three or more points of contact with the opposite sidewalls of the pipe,
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causing the robot’s center plane to consistently align with the centerline of the pipe throughout
its operation. This design promotes stable travel within the pipe at any orientation relative to
gravity, without the need for constant feedback. Additionally, the robot features mechanisms
designed for efficient navigation through pipe curves and T-joints, a capability validated through
hardware testing focusing on roll control and maneuvering through pipe curves and joints.

The primary contributions of this dissertation are as follows:
1. Control Lyapunov Function-based Quadratic Program (CLF-QP) control for motion control
and tension optimization of the cable-driven boat motion simulator.
2. The workspace Analysis for Parameter Optimization of the cable-driven boat motion simulator
utilizing static analysis, cable-to-cable and cable-to-platform interference detection algorithm.
3. Hardware model building and testing to verify the performance of CLF-QP control with the
discussion of platform pose and tension tracking errors measured by a motion capture system
and tension sensors.
4. The simulation and hardware experimental validation of a camera image-based platform
rotation estimation.
5. A novel design of a robot for interior exploration and inspection of pipe networks embedding

the torsion spring and servo motor integrated series elastic actuator.
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Introduction

Vertical take-off and landing (VTOL) drones are widely utilized as cost-effective assets
and are easy to maneuver. In naval operations, these drones play a crucial role in extending the
reconnaissance and surveillance capabilities of ships. However, executing landing at sea presents
a significant challenge, especially considering the dynamic movement of landing platforms
caused by waves and winds. Thus, the development of sea landing controllers and the validation
of drone landing capabilities benefit from the use of a boat motion simulator. The boat motion
simulator proves invaluable for conducting land-based tests, mitigating cost and risk associated
with at-sea experiments. While the Stewart platform mechanism offers a 6-degree-of-freedom
(6-DOF) capability, its intricate mechanical system limits the workspace range [1]. The 3-PSR
Parallel mechanism was introduced for replicating boat motion [2], but its upper structure hinders
drone landing capabilities. Inspired by Max Planck’s CableRobot Simulator [3], this study
proposes a cable-driven parallel robot(CDPR) mechanism based simulator. CDPRs, functioning
as tensegrity systems with multiple bars and cables, offer a unique approach. Analyzing the
statics and dynamics of the tensegrity system proves to be a valuable method for understanding
the forces acting on both bars and cables [4]. Tensegrity analysis has been successfully employed
in stabilizing multi-tethered balloons, ensuring optimal design to maintain cable tension in the
presence of disturbances such as winds [5]. This cable-driven simulator aims to provide an
effective solution for simulating boat motion, contributing to advancements in drone landing
capabilities.

By manipulating the length of cables connected to the moving platform, precise control

over the platform’s motion in all 6-DOF can be achieved with high acceleration and accuracy



[6]. Previous research has addressed various challenges associated with cable-driven systems,
including workspace analysis [7][8] and the development of cable collision detection algorithms
[9]. The advantage of cable-driven systems lies in the simplicity of their kinematics and broad
applicability. However, it is important to note a key characteristic: cables can only pull an object
and cannot push it. Consequently, maintaining positive cable tensions is essential for robust
and stable motion simulations. Insufficient cable tensions may lead to slack in cables, risking
system failure, while excessive tensions can potentially damage the mechanical structure. A
cable-driven system with more cables than its degrees of freedom is termed an underdetermined
system, wherein cable tension solutions are not unique. Cable length at every state of the
platform can be calculated by inverse kinematics [10], and optimal tension solutions also must
be considered simultaneously. Some studies have utilized the null space of the static equation
solution to determine feasible cable tension solutions [6][11]. However, optimizing tension
must be performed dynamically within the control system for a moving platform. While
proportional—derivative controllers (PD) have been employed to control cable-driven robot
motions [12][13][14], these studies have primarily focused on accurate motion control rather
than tension optimization. In addition, the derivative term in a PD controller can amplify
noise in the system, leading to actuator oscillations [15]. Controllers for cable-driven robots
must effectively manage platform motions while ensuring that cable tensions remain within the
desired range. Given the numerous feasible tension solutions in underdetermined CDPR at each
equilibrium state [16], optimizing cable tensions within specified boundaries becomes a crucial
aspect of their control.

In our prior research on the control and tension optimization of the cable-driven boat
motion simulator, we proposed the use of a Linear Matrix Inequality (LMI)-based controller [17].
We constructed a simulation model grounded in the kinematics and dynamics of the tensegrity
system. The simulation outcomes revealed that the LMI controller effectively governed the
motions of the moving platform with precision, and the standard deviation method optimized

cable tensions within the desired boundaries. However, we encountered challenges related to



the inefficiency of the linearization process of tensegrity system dynamics and the intricacy of
cable tension optimization algorithms. Thus, the computational demands became burdensome,
particularly when applied to control an experimental hardware model. The intricacies in these
processes posed challenges, prompting further refinement to streamline the computational aspects
of controlling the cable-driven boat motion simulator.

Chapters 1 to 4 delve into the exploration of the CDPR boat motion simulator. Chapter
1 serves as an introduction, laying the foundation with a comprehensive overview of the basic
theory behind the CDPR mechanism. This includes the discussion of kinematics, static equilib-
rium, and dynamics, providing a solid understanding of the fundamental principles governing
the motion of the system. Moreover, Chapter 1 includes the analysis of CDPRs by leveraging
Tensegrity theories. This approach adds a unique perspective to the study, exploring the inter-
play between cable-driven mechanisms and principles derived from tensegrity, enriching the
theoretical framework.

In Chapter 2, we present a Control Lyapunov Function-based Quadratic Program (CLF-
QP) controller design method. This approach is grounded in the nonlinear controller design
method, which is widely applicable to closed-loop feedback control systems [18]. The versatility
of CLF controllers makes them practical for diverse applications, even those with fast sample
rates [19]. Through the selection of a suitable CLF that satisfies specific conditions, it becomes
possible to determine the optimal input that stabilizes a system. The presence of a CLF indicates
the stabilizability of a system, and when integrated with the Quadratic Program (QP) method,
the CLF approach preserves the performance characteristics defined by a CLF while adhering to
user-assigned constraints, such as tension boundaries [20].

Chapter 3 discusses the workspace analysis for parameter optimization of the able-driven
moat motion simulator. The replication of the desired boat motion can be achieved by the
proper optimization of design parameters that ensure an ample workspace for the simulator. This
chapter focuses on analyzing the workspace using three design parameters: height, width, and

cable attachment points. Examining the workspace under various parameter configurations aims



to optimize the design and ensure that the simulator provides a sufficient range of motion to
replicate complex boat motions. To assess the workspace, we developed a simulation model
and an algorithm incorporating three methods: static equilibrium analysis, cable-to-cable, and
cable-to-platform interference detection algorithm. Through these methods, the research aims to
provide insights into achieving an optimized design for the simulator.

Chapter 4 introduces an examination of a cable-driven boat motion simulator through both
simulation and hardware models, aiming to validate the performance of the Control Lyapunov
Function-based Quadratic Program (CLF-QP) control method. In both models, the configuration
involves eight cables and 6-DOF with a moving platform, and both models’ sizes are equiv-
alent. The simulation model test is designed to observe position and rotation tracking errors.
Additionally, the simulation evaluates the efficacy of tension optimization while simulating the
desired boat motion. This simulation result provides insights allowing for a thorough assess-
ment of the CLF-QP control method. The hardware model incorporates eight tension sensors
connected between cables and the platform to measure cable tensions. Each motor is equipped
with an encoder sensor and a roller for cable winding. The PID controller was applied to the
control hardware model, leveraging the measured tension data as the system’s feedback. The
hardware model test, therefore, focuses on observing the outcomes of the CLF-QP-based tension
optimization controller in a real-world setting.

Chapter 5 proposes a camera image-based method for estimating the rotation of a moving
platform, with a specific focus on its application in drone landing scenarios. The motivation
for this research lies in the need to safely recover aerial vehicles, particularly Vertical Take
Off and Landing Unmanned Aerial Vehicles (VTOL UAVs) such as quadrotors. Given the
limited operation time of these vehicles due to battery constraints, landing on moving platforms
safely becomes crucial for extending their operational capabilities. While previous studies have
explored approaches such as tethering power cables to extend quadrotor operation time [2], the
requirement for returning to a base platform for maintenance or further operations remains. The

challenge becomes even more complex in naval operations, where platforms like navy ships



undergo 6-DOF motion due to winds and waves. Drawing inspiration from the landing process
of navy helicopters on ship flight decks [21], the chapter suggests the incorporation of rotation
estimation in the quadrotor landing process. In the video, a navy helo pilot tries to land on a navy
ship in a rough sea. A pilot waits for the platform motion to be stable enough and lands on the
flight deck.

The proposed method involves using a camera on the quadrotor to capture 2D images
and recognize markers on the flight deck. The camera acknowledges circular images, measures
the pixel position of the circles [22]. The camera image sensor center is aligned with the circular
object’s center [23]. As the object rotates, the contour of the image changes, resulting in a
larger eccentricity. By determining the ellipse equation from marker positions and analyzing the
geometric characteristics of the ellipse, rotation estimation can be achieved [25]. A simulation
model was developed to validate the proposed method, replicating ship motion and circular
pattern markers to imitate conic section camera images. The simulation demonstrated that as
the platform rotated, circular pattern markers formed an ellipse, and the rotation estimation
algorithm accurately evaluated the rotation angles of the deck. Furthermore, a hardware test was
conducted to verify the performance of the proposed method.

Chapter 6 introduces a new design of a robot tailored for inspections, exploration, and
mapping within intricate pipe networks featuring multiple curves and joints. The novel pipe
inspection robot, Model S4, stands out with its configuration of four omniwheels arranged in a
single plane at the robot center. This design choice emphasizes simplicity, high maneuverability,
and static stability, positioning the robot as an efficient tool for navigating complex pipe environ-
ments. Model S4 is equipped with high-torque gear motors capable of controlling roll motions.
The robot incorporates a spring-servo motor integrated series elastic actuator(SEA) to enhance
stability. SEA maintains three or more points of contact with the pipe walls, ensuring that the
robot’s center plane consistently aligns with the centerline of the pipe throughout its operation.
This design feature enables stable travel within the pipe at any orientation relative to gravity,

eliminating the need for constant feedback mechanisms. The robot is equipped with mechanisms



specifically designed to navigate 4-inch pipe curves and T-joints effectively. The effectiveness
of these features is validated through hardware testing, focusing on roll control and the robot’s
ability to maneuver through pipe curves and joints. The chapter illustrates the implementation of
the proposed design, highlighting its potential for practical applications in the exploration and
inspection of complex pipe networks.

This dissertation is structured as follows. Chapter 1 provides an in-depth exploration
of the kinematics and dynamics of cable-driven robots. Chapter 2 describes the design and
workspace optimization of a boat motion simulator model leveraging static analysis and interfer-
ence detection algorithm. Chapter 3 focuses on control and tension optimization, introducing
the Control Lyapunov Function-based Quadratic Program (CLF-QP) controller as a key element
in achieving to replicate the desired motion. Chapter 4 outlines the experimental test setup and
validation procedures, providing insights into the practical implementation and performance of
the proposed models and controllers. Chapter 5 introduces a novel approach to quadrotor landing
through camera image-based rotation estimation. This chapter includes simulation results and
hardware test outcomes. Chapter 6 discusses the development and features of a new pipe network
inspection robot, Model S4, emphasizing its design principles and practical applications. Chapter
7 outlines future avenues for research, presenting potential directions and areas of expansion in
the field. Finally, Chapter 8 offers a comprehensive summary of the conclusions drawn from the

dissertation, highlighting key findings and contributions made throughout the study.



Chapter 1

Kinematics and Dynamics of Cable-driven
Robots

1.1 Kinematics and Static Equilibrium

Figure 1.1. The cable-driven boat motion simulator model diagram. A flat-plate cuboid platform
is connected with eight cables, and motors adjust cable lengths. The lower and the upper cables
are cross-connected to the platform, enhancing the simulator’s capability for rotational motions.

The kinematics of Cable-Driven Parallel Robots (CDPRs) can be divided into two parts:
Forward Kinematics and Inverse Kinematics. Forward Kinematics involves the calculation of the
platform’s position based on the given cable lengths. This process allows for the determination

of the spatial coordinates and orientation of the platform in response to the adjustments in cable

lengths. Conversely, Inverse Kinematics works in the opposite direction. It calculates the cable



length vectors and structure matrix required to achieve a particular platform position. This
involves determining the cable tensions necessary to position the platform in a specific manner.
In summary, Forward Kinematics is concerned with predicting the platform’s position given
cable lengths, while Inverse Kinematics involves calculating cable lengths and tensions needed
to achieve a desired platform position.

In Figure 1.1, the configuration of the cable-driven boat motion simulator is depicted.
The global frame Og; is located at the center of the ground, while the body frame Op is positioned
in the middle of the moving platform, at the platform’s center of gravity. The vector d represents
the pulley position, where i = {1,--- ,n} denotes the i-th cable and n is the total number of
cables. The vector p = [x y z]T denotes the position of the moving platform in the global frame
Og, and b represents the cable attachment point vector in the body frame Op. R is the platform’s
rotation matrix in the global frame Og. The cable vector [ can be determined using inverse
kinematics equations, allowing for the calculation of cable lengths based on the desired position

and orientation of the moving platform as follows,

1

—Rb;—p, (i=1,...,n). (1.1)

~
=
81

where, [ is the cable vector, 4 is the pulley position vector in the global from Og, R is the platform
rotation matrix, b is the cable attachment point vector in the body frame Op, and p is the position
vector of a platform.

Forward kinematics is employed to calculate the position from given cable lengths.
The equation vi(f, D, R) represents a non-linear relationship involving the i-th cable length, the
position(p), and the rotation matrix(R) of the moving platform. This equation is derived from the

inverse kinematics equation (1.1), and the forward kinematics equation can be written as [26],

vi(li, Pi, R) = ||@ — Rb; — p||3 — | |Li]|3
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Define the sum of the absolute value of v;(/, p,R) for all cables be 1, such that
n —
n= Z |vi(li7ﬁi7R)|
i=1

and then the goal is to estimate p that minimizes 7. The estimated position p has to satisfy (1.1),

and the problem can be written as the optimization problem as follows,

min 7
p

subjectto 0<p<d

G, —Rb—p =1y (1.2)

where, k indicates the i-th cable. The position vector associated with cable lengths is determined
by solving (1.2). At the static equilibrium condition, the sum of all forces due to cable tensions
is equivalent to any external forces and moments applied to the platform. To express this
equilibrium, the i-th cable’s unit cable vector is defined as #; = [; / |7,|, and the tension vector of

each cable as T; = i;|T;|. The following equations can be derived,
L —

n
Zﬁi“?il:F, ZRbiXﬁi"_&‘:M
i=1 i=1

Defining the tension vector 7 = [|7|| --- |%,|]7, the static equation can be written as,
L . i e i,
f=Jz, with J=1| _ - (1.3)
Rb]Xﬁ] Ranb_in
mxn

where f = [ﬁ 1\7I]T is the wrench vector, and m represents the number of degrees of freedom.
Matrix J € R™*" is called the Structure matrix, and the Singular Value Decomposition(SVD)
analysis on J can determine the properties of tension solutions[5]. This will be discussed in

detail in Chapter 3.1.1.



1.2 Dynamics

Defining the platform state vector 7 = [x y z ¢ 6 w]’, and gravitational acceleration
vectoras G=1[0 0 g 0 0 0]” with the platform mass m and the gravitational acceleration g,

the dynamic equation of the moving platform can be expressed as [27],
J% = M7+ CF+ MG, (1.4)
where M, and C are the platform mass and Coriolis matrices defined by,

mlz3y3  03%3 03x3 03x3

Y I

03x3  Ig3.3 03x3 I;+wxI,

with the identity matrix / and the moment of inertia of a platform I,. ® = [0, @, @,]” denotes the
platform angular velocity vector. The term J7 in (1.4) the force and moment vector induced by
cable tensions. (1.4) This equation can be rewritten in matrix form with respect to the platform

state vector 7,

0 I 0
= + : (1.5)
0 —M~'C M~'(JT—MG)

~4
=~

Nl
~-

Considering that cable tension 7 as the input of the dynamic model and extracting 7 from the

matrix, (1.5) becomes,

~!
o
~N
~1
o
o

= + + z. (1.6)
0 —-MIc -G M1y

S
~i-
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(a) Regular Minimal Tensegrity Prism with  (b) Kenneth Snelson’s “Free Ride Home”, 1974,
three bars and three cables. an artwork leveraging tensegrity system

Figure 1.2. Examples of Tensegrity Systems

1.3 CDPRs as a Tensegrity System

Cable-Driven Parallel Robots (CDPRs) are composed of multiple cables and a moving
platform, and these systems can be described as tensegrity systems. Figure 1.2 is an example
of a tensegrity system structure. Tensegrity systems maintain stability as forces on cables and
bars are balanced at the equilibrium. CDPRs maneuver a tensegrity system from its initial
equilibrium to desired states. Leveraging the principles of tensegrity, CDPRs result in structures
that are lightweight yet robust, particularly in handling high payloads. The use of cables serves
to reduce both weight and inertia in CDPRs [10][28]. Analyzing the statics and dynamics of the
tensegrity system becomes a valuable method to understand and characterize the distribution
of forces within the bars and cables of the CDPR structure [29]. The study on the stabilization
of multi-tethered balloons has utilized tensegrity analysis to optimize designs, ensuring that all
cables remain taut even in the presence of disturbances such as winds [30]. This underscores
the versatility of tensegrity principles in addressing stability and control challenges in different

applications, including CDPRs.
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In tensegrity systems, cables, and bars are typically referred to as members, and the
points at which these members connect are defined as nodes. Members and nodes are denoted as

vectors as follows,

where p is the number of members and ¢ is the number of nodes, each member and node can
be represented by a set of coordinates. The vector notation for each member is defined as the
difference between two connected node vectors, denoted m; = 7i; — iy, where i € {1,...,p}
and j,k € {1,...,¢q}. The relationship between member and node vectors can be expressed by

defining a connectivity matrix C, which is a p X ¢ matrix, and can be written as follows,
M =NCT.

The elements of a connectivity matrix define the connections between members and nodes,
indicating which nodes are associated with each member. Each row of C corresponds to each ;
has one entry equal to 1, one entry equal to -1, and all other entries equal to zero. Define the sum
of gravitational and inertial forces on the nodes as F' and the internal forces applied by members
as /. Let c?, be a unit member vector, and X; be a tensile or compressive force in a member. Then,

the unit member and forces can be written as,
D= [dl,.. . ,dp], X = diag(xl,.. . ,xp).

The internal forces at each node can be defined in terms of X by using the connectivity matrix,

such that,

I =DXC.

12



Figure 1.3. Free body diagram of tensegrity system’s node and member. Two members are
connected to node 1, and each member has two nodes. At node 1, the total force is the sum of the
gravitation and inertial forces of two members. The forces of members are exerted uniformly at
each node. The internal forces (J] X1 ,cizxz) are the sum of tensile or compression forces applied
by members.

Figure 1.3 shows the example of all the forces exerted on a node. Newton’s law can be leveraged
to express the sum of forces at each node. The equation representing the equilibrium of forces at
a node is given by,

F=[F, - F|= (i_zimi(ﬁi+§)/z>pa (1.7

where m; is the mass, and g; is the acceleration vector of i-th member. g represents the gravita-
tional acceleration vector, and z is the number of nodes i-th member has. (1.7) provides a concise
expression of the forces and accelerations acting on nodes within a CDPR system when it is in a
stationary state.

At equilibrium, forces in each node are balanced. The equation can be written as,
F=1 = F=DXC. (1.8)

Recalling that X is the diagonal matrix of tensile or compressive forces in each member, cable
tensions can be calculated by solving equation (1.8) for X [11]. The right-hand side of (1.8) is a

linear equation in terms of [x;,---,x,], so the equation can be rewritten in the form of a linear

13



matrix equation in terms of the vector ¥ = [xy, -+ ,x,]7,
AX=f (1.9)
where f is the magnitude of forces on each node, defined as f =[f1, ", fp]T. Tension solutions

can be obtained by solving equation (1.9). The general solution of the cable tension vector X can

be written as,

X=ATf+Vh (1.10)

where AT is the pseudo inverse matrix of A, V is the null space of A, and 4 is the arbitrary vector.
The solution can be optimized by choosing the arbitrary vector i if the null space V exists. The
cable tension changes in cable tensions over time as the platform moves to the desired position.
The objective is to maintain cable tensions within a specified boundary to prevent cables from

becoming slack or damaged, the tension boundaries can be written as,

Xmin < X < Xmax

where x,,;, 1S the minimum tension limit, and x,,,,, 1S the maximum tension limit.

Defining the lower and the upper bound tension margins at time ¢ as, A; yin, & max as the
difference between the tension limits Xy, Xnq and the minimum and the maximum tensions
(min(x),max(x)). A system with larger tension margins has more capability of moving the
platform to the tension limits. Tensions are required to be optimized around the mean value of
the minimum and the maximum tension limits to maximize the tension margins. Maximizing
tension margins is equivalent to minimizing the standard deviation of tensions relative to x,,.

Leveraging the equation of standard deviation, the optimization problem can be written as a

14



convex problem as follows,

wenin /B
#h b

subject to  Xpin < X < Xpax

Xave = (xmin +xmax)/2

x=ATf+Vh (1.11)
Solving (1.11) provides the optimal tension solution bounded in the desired tension boundaries.
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Chapter 2

Control and Tension Optimization

Chapter 2 investigate the control aspect of the simulator. Although (1.11) provides
optimal tension solutions derived from the static equation when a platform is in a stationary pose,
CDPRs involve dynamic motion with various accelerations and poses. Therefore, the controller
for CDPREs is required to handle both dynamic motion control and tension optimization. To
address these objectives, we propose a Control Lyapunov Function-based Quadratic Program
(CLF-QP) controller design method. This chapter will discuss the details of Control Lyapunov

Function theories and their application in CDPR controls.

2.1 Control Lyapunov Function

Consider the following dynamic system,
= f(x)+g(x)u, @.1)

where x is the state vector, f(x) and g(x) are continuous functions of x, and u is the feedback
control input that stabilizes the system. Assuming V (x) is a smooth, positive definite function,

define L;V(x), and LV (x) as follows,

5 5
LiV(x) = 6—‘; £, LV(x) = —‘; (). 2.2)
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Then, a function V (x) that satisfies the following inequality,
V(x) =LfV(x)+LV(x)u<0, Vx#0, (2.3)

is called a Control Lyapunov Function (CLF)[31]. It provides a sufficient condition for the
stabilizability of systems. The existence of CLFs indicates that there exists feedback control u
that stabilizes the system[32], and the inequality (2.3) implies that the system is asymptotically
stable. However, this formulation does not provide information about the convergence rate to the
equilibrium. To address this, one can construct the upper bound of V(x) and impose a condition
on the minimum rate of decrease in V(x). (2.3) can be rewritten with an additional term AV (x)

[33],
V(x) =LV(x)+LV(x)u+AV(x) <0, Vx#0, 2.4

where A represents the decay rates of V(x), influencing the convergence characteristics of the

system.

2.2 Application of CLF to CDPR dynamics

Let ¥ be the state of a moving platform such that x = [# 7] with the state vector 7 =
[xyz ¢ 6 y]T as defined in 1.2. Defining the control input u = [7] as a cable tension vector. By

the dynamic equation (1.6) and (2.1), functions f(x) and g(x) can be defined as,

o
|
S
a
=L
|
Q

g(x) = : 2.5)
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The chosen CLF is V(x) = ||x — x,35, where x; = [F; 7] is the desired platform state. The

gradient of V (x) is given by,

1%

a = Z(X_xd)7

and by (2.2), LsV(x), and LV (x) can be expressed as,

~7 10 I 7 0
LyV(x) =2(x—x0)" 1+ ),
0 —MIc| |7 -G
0

LV (x) =2(x—x4)"
M

2.3 CLF-based Quadratic Program

As discussed before, CDPR controllers must address the challenge of controlling platform
poses and maintaining cable tensions as the platform moves to desired positions. The Quadratic
Program (QP) is employed to achieve these objectives, preserving performance expectations
set by the CLF and adhering to user-defined constraints on the inputs[16][24]. The CLF-QP is

formulated as a convex optimization problem, with the standard form represented as[25]:

argmin (i —iiy)7 (i — iiy)
i

subjectto LV (x)+LgV(x) +AV(x) <O, (2.6)

where i, is the reference input. The CLF-QP seeks to minimize the deviation of the input from
the reference while satisfying the CLF conditions and any additional constraints.
As discussed in 1.3, the tension margin represents the difference between current tensions

and the maximum or minimum tension limits. Optimizing tensions near the mean value of the
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maximum and minimum tension limits is crucial to maximizing tension margins[14]. To achieve
maximizing the tension margins, the reference input 7, can be set as the mean value of tension
limits. However, the optimal cable tensions must not only be within tension limits but also satisfy
the dynamic equation. Since these hard constraints severely limit solution sets, there is a need to
relax the bound on the CLF to minimize conflicts with constraints. By introducing additional

constraints and relaxation term, the original CLF-QP problem (2.6) is modified as follows,

argmin (i —iiy)" (ii —iig) + p&®
i

subjectto  LeV(x)+LgV(x) +AV(x) < 8
ﬁmin < u < ﬁmax

Jii = M¥q+ Ciy + MG, (2.7)

where 0 is a positive constant that relaxes CLF constraints, and p is a positive number represent-
ing the penalty associated with . 1, and Uy, are the minimum and maximum tension limits

set by the user. The optimal control input u = [T] can be directly determined by solving (2.7).
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Chapter 3

Workspace Analysis for Parameter Opti-
mization

This chapter delves into the workspace analysis of a cable-driven boat motion simulator
for parameter optimization. The objective is to optimize design parameters that is optimal
to simulate the desired motions. The simulator is designed to replicate the 6-DOF motion
of the USS Oliver Hazard Perry-class frigate. The frigate’s motion characteristics include a
maximum roll angle of 30 degrees and a sway magnitude of 5 centimeters on a 1/100 scale
[34]. The simulator, equipped with eight cables and a platform, necessitates an ample range
for 6-DOF boat motion. The primary goal of this chapter is to ascertain the workspace of the
cable-driven boat motion simulator, ensuring its capability to replicate the desired boat motions
by providing an appropriate range of motion. Three key design parameters were taken into
account: platform height, width, and cable attachment points on the platform. The simulator’s
workspace is influenced by these parameters, and simulation tests were conducted to observe the
impact on the workspace. Three methods were explored to determine the simulator’s workspace.
Firstly, as the simulator comprises eight cables and operates at 6-DOF, it falls into the category
of an underdetermined system. The tension solutions can be optimized at the equilibrium
state within this system[17]. Singular Value Decomposition (SVD) was applied to the static
equilibrium equation to analyze the tension solutions. The rank of the Structure matrix in the

static equation was examined to determine whether the underdetermined CDPR has infinite
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or no solutions[30]. Additionally, considering the CDPR with multiple cables, we addressed
cable-to-cable and cable-to-platform interference, as these factors influence the determination
of the workspace. For cable-to-cable interference, the shortest distance between cables was
calculated using the magnitude of the perpendicular vector formed by two cable vectors obtained
through inverse kinematics[35]. Cable-to-platform interference was detected when a cable
intersected or passed through the side, upper, or bottom planes of the platform. Cable attachment
vectors were used to define the planes of the platform. By comparing the angle between a cable
vector and the neighboring platform plane, it was determined whether interference occurred.
An angle of zero indicated that the cable was intersecting or passing through the platform,
leading to interference[9]. Based on these methods, an algorithm was developed to determine the
workspace of the cable-driven boat motion simulator. The algorithm integrated static analysis
and interference detection methods. A simulation model of the boat motion simulator was
employed to analyze the workspace and apply the algorithm, offering insights into the achievable

workspace and potential interference within the system.

3.1 Workspace Analysis Methods
3.1.1 Static Analysis

Revisiting the static equilibrium equation represented as (1.3), J is a m X n matrix where
m 1s DOF, and n is the number of cables connected to a platform. Conducting a Singular Value
Decomposition (SVD) analysis on the Structure matrix J yields valuable insights into discerning
feasible solutions. The SVD is applicable to any matrices, leading to matrix J in (1.3) having
an SVD expressed as J =U VT, where U, x;, and V,, are unitary matrices, and X,,x, is a
diagonal matrix containing the singular values o; of J on its main diagonal[36]. An SVD of the

Structure matrix J, can be rewritten as follows with r, the rank of J

21



The Structure matrix J can be reformulated using the rank r of J as follows[37],

Jxn =UEVT

s 0 _
:{mer Um><(mr):| 0 0 |:Zn><r Vn><(nr)‘|’ 3.1

where,
« U represents the column space, and U is the left null space of J,
* V represents the row space, and V is the null space of J.

Utilizing the null space of J, denoted as JV = 0, the tension solution is represented as [38],
T=Jf+Vh, (3.2)

where J7 is the pseudo inverse matrix of J, and his an arbitrary vector. The choice of h in 3.2)
results in optimal tension solutions at a specific platform pose. By performing an SVD on the

matrix J, (1.3) can be categorized as,

An underdetermined with o tension solutions if (n > r = m),

Both potentially inconsistent and underdetermined with either oo or O solutions if (n > r,

m > r) depending on ]?

A determined with only 1 unique tension solution if (m =n =r),
* An overdetermined with either O or 1 tension solution if (m > r = n), depending on f

As the boat motion simulator comprises eight cables and exhibits 6-DOF, it can be categorized as
an underdetermined system. In the case where J is of full row rank, there are infinite number of

solutions, allowing for optimization of tension solutions. The solution vector 7 needs to consist
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Figure 3.1. Cable-driven Boat Motion Simulator simulation model. The green lines represent an
outer structure, and eight cables(black) are connected to a moving platform(blue). The figure on
the right-hand side provides a zoomed-in perspective of the cables (L; ~ Lg) and the platform.

of positive tensions to exert forces on the platform, given that cables can only pull an object and
not push it. Additionally, tensions should be minimized to prevent structural or cable damage
from excessively high tensions. The optimal tension solution T can be obtained by determining

the arbitrary vector h in (3.2) through the following optimization problem [39],

argmin 7T
h
subjectto 7 =J'F+Vh (3.3)
0<7

Once the vector / is determined by solving the optimization problem, it indicates that the platform
is located within the feasible workspace, with the tension solution satisfying the conditions in

(3.3).
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(a) Cable-to-Cable interference. (b) Cable-to-Platform interference.

Figure 3.2. Interference Detection

3.1.2 Cable-to-Cable Interference

Figure 3.1 illustrates that the upper and lower cables are interconnected to the platform
or expanding the rotational workspace, instead of direct connections to the platform’s edges.
As discussed in 3.1.1, static analysis aids in determining tension solutions within the feasible
workspace for a given platform pose. However, the presence of crossing cables introduces
interference within the feasible workspace, imposing constraints on the platform’s motion. It
is essential to address these interferences to ensure unrestricted movement. Cable-to-cable
interference occurs when two cables intersect during the platform’s motion. Detecting such
interference involves calculating the distance between two cables. If this distance becomes
smaller than the diameter of a cable, it indicates interference. In Figure 3.2a, l; and 7] represent
vectors corresponding to cables L; and L, while d; and d; denote pulley position vectors on the
outer frame. The vector A7I,~ = (1\71,- -M ;) is perpendicular to both cable vectors, and ]\71,- and M b

can be defined as follows[35],
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where the unit cable vectors are defined as #; = [;/|;| and i = l; / |Z;| The parameters A; and A;
represent the magnitudes of vectors. The cross product (i; x ii;) is a direction vector of M; - The
calculation of the shortest distance d;; between two cables involves determining the length of the

orthogonal projection of (d; —d;) onto M; j- The formula for this calculation is given by[40],

(ﬁi—ﬁj) . (ﬁ,‘ X ﬁj)

dij = (3.4)

|L7,' X U jl
If d;; is smaller than the cable diameter (d;; < €), it indicates the interference between two cables,

Liand L;.
3.1.3 Cable-to-Platform Interference

Figure 3.2b depicts a platform and a cable connected to the attachment point. A vector
b; represents the attachment point vector of the i-th cable in the body frame on the platform
center p. Zil and B,-z are the vectors from the attachment point of i-th cable to the neighboring
cable attachment points. A plane 7 formed by two vectors, and the ¢ iss defined as the angle
between 7 and the unit cable vector ;. To detect the interference, the perpendicular vector of

plane 7 needs to be defined using the given vectors b and by. The perpendicular vector g can

be calculated through the vector cross-product,

gi = bi1 X bpp.

Note that the angle between ¢; and #; is 5 — ¢ and this angle is formulated using the dot product,

T gi-
cos(=—9¢)= =5,
79 =Gl
. 1, Gi U
d):Sll'l 1 57/
Gy

Cable-to-platform interference occurs when the angle ¢ is less than zero.
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Figure 3.3. Design Parameters: The platform height(h), width(w), and the cable attachment
point(c).

3.2 Simulation Setup
3.2.1 Simulation Model

The simulation model for the cable-driven boat motion simulator is depicted in Figure
3.1. The outer structure of the model is a cube, and a moving platform is connected to eight
cables. The upper and lower cables are cross-connected, with the lower cables attached inward
from the top edge of the platform. The simulation test involved moving the platform to every
position within the structure, with a resolution of 1cm for translation in the X, y, and z axes. The
test considered eight cases of platform rotation based on the desired motion, USS Oliver Hazard
class Frigate on the sea state 6'. These cases include roll angles from 0 to 30 degrees, pitch
angles from 0 to 5 degrees, and yaw angles from 0 to 2 degrees. Combinations of these rotations
are detailed in TABLE 3.1.

Table 3.1. Rotation Motion Test Sets

| Case | Roll, Pitch, Yaw || Case | Roll, Pitch, Yaw |

1 0,0,0 5 30,0,0
2 0,0,2 6 30,0,2
3 0,5,0 7 30,5,0
4 0,5,2 8 30,5,2

'Douglas sea scale 6: Very rough sea state with 4 ~ 6 meters wave heights.
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3.2.2 Design Parameters

During the workspace analysis, three design parameters were investigated, as illustrated
in Figure 3.3. The impact of variations in these parameters was evaluated by adjusting them by

50 percent, either decreasing or increasing, from the baseline design denoted as *D0.’
Platform Height

The first parameter is the platform height, which signifies the distance between the bottom
and top planes of the platform. Three distinct heights were examined to explore the correlation
between the platform height and the workspace, as illustrated in Figure 3.4. The baseline design,
denoted as "DO0,” features a platform height of 2.50cm, while "H1’ exhibits a decreased height of

1.25cm, and "H2’ has an increased height of 3.75cm.

Platform Width

The second parameter is the platform width, representing the gap between the edges of
the top or bottom plane. Diverse width dimensions were tested to assess the impact of platform
width on the workspace, as depicted in Figure 3.5. The baseline design, labeled *D0,” maintains a
platform width of 10.00cm, while "H1’ features a reduced width of 5.00cm, and "H2’ showcases

an increased width of 15.00cm.
Cable Attachment Point

The third parameter related to the cable attachment point, involving the attachment of
lower cables to the edges of the upper platform plane, positioned towards the middle of these
edges to enhance rotational motion. Represented as b in Figure 3.6, the cable attachment point
indicates the distance from the nodes to the attachment points. Various values for the attachment
point were examined to gauge their impact on the workspace. As depicted in Figure 3.6, the
baseline design D0’ features a cable attachment point of 2.50cm, "H1’ adopts an attachment

point of 1.25cm, and "H2’ is characterized by an attachment point of 3.75cm.
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By modifying these design parameters and assessing their effects on the workspace,
valuable insights can be gained regarding how height, width, and cable attachment points impact
the range of achievable motion in the cable-driven boat motion simulator. This analysis facilitates
the optimization of design parameters to achieve an ideal workspace that accurately replicates

the intended boat motions.

3.3 Simulation Algorithm

Feasible Not interfere Not interfere

Platform Coleailatle | Static Cable-to-Cable Cable-to-Platform Feasible
=» Structure Matrix J > ]
Pose Analysis Inteference Inteference Workspace
Perform SVD
TNext Pose Not feasible Interfere Interfere

Figure 3.7. Simulation test algorithm.

The simulation test was executed following the algorithm outlined in Figure 3.7. The ini-
tial platform position was set at the origin. Utilizing equations (1.3) and (3.1), the corresponding
structure matrix, J, was computed, and Singular Value Decomposition (SVD) was employed to
determine the null space of J. The static analysis was conducted to explore the existence of /i in
(3.3). If a feasible tension solution was identified, indicating the existence of 7’2 the algorithm
proceeded to investigate cable-to-cable and cable-to-platform interference using the methods
detailed in 3.1.2 and 3.1.3. Finally, the feasible, interference-free platform pose was recorded,

and the platform advanced to the next pose in the simulation.

3.4 Simulation Results

The workspace analysis includes a comparison of the workspace volumes for each design.
The results are summarized in Table 3.2, showing the percentage of feasible workspace occupied
by a platform center position out of the total number of positions within the structure. The

results indicate that the workspace is most extensive for each design when the platform remains
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non-rotational, and it gradually decreases as rotational motion is introduced. Additionally, the

influence of rotations on each design’s workspace is evident from the distinct variations observed.

(e
)

T T (R

(a) H1 (49.2%) (b) DO (50.7%) (c) H2 (51.6%)

Figure 3.8. Case 1 Feasible Workspace (Platform Height)

(a) W1 (43.6%) (b) DO (30.3%) (c) W2 (18.3%)

Figure 3.9. Case 2 Feasible Workspace (Platform Width)

3.4.1 Platform Height

The variations in platform height (H1—+DO0—H?2) have a relatively minor impact on the
feasible workspace volume compared to the influences of other parameters. Figure 3.8 illustrates
the feasible workspace of Case 1 for designs with different heights. The difference between the
smallest and largest workspace ranges from a minimum of 1.0% to a maximum of 3.7%. An

increase in platform height results in expanded workspace for motions without a roll (Case 1~4).
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Figure 3.10. Case 6 Feasible Workspace (Cable Attachment Point)

Table 3.2. Feasible Workspace Volume (%)

xxxxx

(c) C2 (17.2%)

| Case [[ DO | HI [H2[WI|[W2]Cl ]| C2|
1(0,0,0) || 50.7 [ 49.2 [ 51.6 | 54.6 | 40.3 | 50.4 | 47.1
2(0,02) [[30.3]29.730.8|43.6[183]174 348
3(0,5,0) [ 49.3 [47.3|50.853.4[39.1]489 454
4(052) [ 31.5[30.9 319|447 19.1 1823538
5(30,0,0) | 165 [ 169 | 13.6 [ 262 | 12.9 | 87 [ 187
6(30,02) [ 13.0 [ 129 [ 10.8 [25.7 | 6.6 | 0.8 [ 172
7(305,0) [[ 147148 [11.6[256| 93 | 1.9 [17.8
8(30,52) [ 151 [ 151 | 11.4[251[ 97 | 38 | 18.1

However, a taller platform negatively affects motions involving a roll (Case 5~8) and increases

the possibility of cable-to-platform and cable-to-cable interferences.

3.4.2 Platform Width

Changes in platform width (W1—D0—W?2) have the most substantial impact on the
feasible workspace. Alterations in platform width result in a workspace modification ranging
from a minimum of 13.3% to a maximum of 25.6%. A smaller platform width is associated
with reduced interference and enhanced tolerance for rotational movements, particularly in yaw

(Case 2, 4, 6, 8). Figure 3.9 visually represents the feasible workspace of Case 2 for each design,

illustrating a reduction in workspace volume attributed to yaw motion.
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3.4.3 Cable Attachment Point

As cable attachment points are altered (C1—-D0—C2), the feasible workspace undergoes
variations ranging from a minimum of 3.3% to a maximum of 17.6%. If the cable attachment
point is smaller and positioned close to the corners, the workspace contracts, particularly in
the presence of rotations, especially roll. This outcome is due to the increased proximity of
two cables at the corners, elevating the possibility of cable-to-cable interference. Figure 3.10
illustrates this effect, demonstrating how a larger cable attachment point significantly enlarges

the workspace in case 6.

3.5 Analysis

This chapter delves into the analysis of workspace optimization for a Cable-driven Boat
Motion Simulator. The study investigates three parameters—platform height, width, and cable
attachment point—and examines their impact on the feasible workspace. The results reveal that
increasing platform height leads to a smaller workspace during platform rolls but results in a
larger workspace without rolls. Platform width significantly influences the workspace, showing
that smaller platforms consistently offer a larger feasible workspace in all cases. Additionally, a
smaller cable attachment point located close to the platform’s corners reduces the workspace due
to a higher likelihood of cable-to-cable interference. Conversely, a larger cable attachment point
generally yields a larger workspace due to increased cable distance. The simulation test findings
suggest that smaller platform widths and larger cable attachment points contribute to achieving a
more extensive workspace. However, practical constraints, such as ensuring sufficient space for
electronics and sensors on the platform, and allowing for landing tests in specific applications
(e.g., aerial vehicle landings on a moving platform), must be taken into consideration.

In the future, efforts will concentrate on refining and determining optimal parameters
to establish an ideal workspace that efficiently replicates a boat’s motions. This will involve

conducting additional experiments built upon the insights gained from the current study. Once the
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optimal parameters are identified, the next step will be the construction of a hardware prototype
model. Furthermore, the investigation will continue with additional simulation tests aimed at
precisely formulating the relationship between parameters and workspaces. This iterative process

aims to enhance the accuracy and effectiveness of the Cable-driven Boat Motion Simulator.
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Chapter 4

CDPR Simulator Experimental Validation

This chapter mainly discusses the experimental validation of the proposed CLF-QP
control algorithm outlined in 2. To assess the efficacy of the control algorithm, we established
both simulation and hardware models for the CDPR-based boat motion simulator. The chapter is
structured as follows: Section 4.1 details the simulation model test, while Section 4.2 delves into

the hardware test, incorporating eight cables and a moving platform model.

4.1 Simulation Test

In this chapter, we scrutinize the analysis of simulation results, primarily aimed at
validating the effectiveness of the CLF-QP method. The simulation framework utilized in our
investigation features a 6-DOF boat motion simulator equipped with eight cables and a platform.
To assess the CLF-QP method, we exposed the simulator to two distinct motion scenarios: one
marked by periodic motion and the other generated through the application of a mathematical

ship model.

4.1.1 Simulation Model and Motion Scenario

The simulation model configuration is illustrated in Figure 4.1. Configurations of a
periodic motion simulation test over time are depicted in Figure 4.2. The model’s dimensions are
built based on the design D0’, equivalently matched to the hardware model. The outer structure’s

edge measures 0.45m, and the platform is a flat cuboid plate with dimensions of 0.10m. The
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Figure 4.1. The simulation model of the cable-driven boat motion simulator. The Green lines
are the outer structure, the black lines are cables, the blue lines are the platform, and the red dot
is the mass center of the platform.
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Figure 4.2. The platform configurations over time(Periodic).
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Figure 4.3. The desired motions of a platform.

36



Table 4.1. Desired motion of a platform: Periodic

’ Motion \ Range \ Period(seconds) ‘
Surge | -0.025-0.025 m 5
Sway | -0.025-0.025 m 5
Heave | -0.050 — 0.059 m 10
Roll -10°-10° 5
Pitch -20°-20° 10
Yaw -5°-5° 10

platform’s height is 2.5cm, and its mass is 0.858kg. The lower cables are connected to the
inward point on the top, while the upper cables are connected to the bottom edges of the platform.
Cables are cross-attached to the platform to enhance rotational motions. Cable mass is assumed
to be negligible, and structures are not deformed by tensions. The cable material is Kevlar, which
has a high Young’s modulus (76 x 10°N / m?). Thus, cables are treated as non-stretchable. The
maximum and minimum tension limits are set as 2N and 30N, respectively. The platform moves
in 6-DOF motions for 10 seconds (periodic) and 50 seconds (ship model). After the motion, both
cases have a 1-second stationary state at the origin. In this simulation scenario, at time ¢ = 5s, a
1kg mass drone lands on the platform. Hence, there is additional mass on the platform after 5
seconds. The simulation time-step size is 0.1 seconds, and the CVX solver, a MATLAB package

for specifying and solving optimization programs, is used[41][42].

4.1.2 Results

Tracking Errors

The desired platform motions are presented in Figure 4.3. Initially, a periodic motion was
applied to the simulation, with detailed motion characteristics shown in 4.3a and summarized
in Table 4.1. Figure 4.4a illustrates the translational and rotational tracking errors, revealing
position errors ranging from —5.60 x 1073 to 5.60 x 10~ meters and rotation errors spanning
from -2.29 to 2.23 degrees.

Next, Figure 4.3b illustrates the desired motion generated by the mathematical ship

37



Table 4.2. Motion tracking RMSE, NRMSE

| Motion | RMSE(NRMSE): Periodic | RMSE(NRMSE): Ship model |

Surge 0.0034m (6.73%) 0.0003m (2.22%)
Sway 0.0034m (6.73%) 0.0018m (1.97%)
Heave 0.0034m (3.39%) 0.0016m (2.07%)
Roll 1.3704° (6.85%) 1.3223° (2.47%)
Pitch 1.3650° (3.41%) 0.2289° (2.70%)
Yaw 0.3387° (3.39%) 0.1941° (4.84%)

motion model, specifically emulating the USS Navy ship Oliver Hazard Perry Class Frigate at
sea state 6 with a 60-degree wave direction[43]. Given that the simulation model is smaller
than the actual ship, adjustments in system sizes and motion amplitudes are necessary[44].
The position amplitudes (surge, sway, and heave) were scaled down with a 1/100 ratio, while
maintaining the same magnitude of rotation. Figure 4.4b showcases the tracking error in the ship
model simulation, displaying a position error ranging from —4.5 x 1073 to 5.9 x 10~ meters
and a rotation error spanning from -2.91 to 3.14 degrees.

The root mean square errors (RMSE) and the percentage of normalized RMSE(NRMSE)
for both motions are presented in Table 4.2. The difference between the maximum and minimum
values of the desired trajectory served as a scaler to normalize RMSE. The results demonstrate
that the CLF-QP accurately tracks the desired motions, and the platform state remains stable
after the motion. At time # = 5, a drone landed on the moving platform, adding 1kg of additional
mass to the platform. The RMSE of the tracking error without the drone landing was equivalent
to Table 4.2, indicating that the CLF-QP controller maintained its performance after the drone

landing on the platform.
Cable Tensions

Figure 4.5 illustrates the changes in cable tension as the moving platform undergoes
motion. In both simulation scenarios, cable tensions were optimized without encountering

optimization violations. Tensions remained within the predefined boundaries established before
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initiating the simulation. During the periodic motion, lower cable tensions were consistently
maintained within the range of 2 ~ 22.98 N, while upper cable tensions fluctuated within
3.45 ~ 27.13 N. Between the 2 and 4 seconds, two of the lower cables reached the minimum
tension limit. However, the controller successfully identified tension solutions that stayed within
the specified limits, ensuring that tensions for all cables remained within the desired boundaries.
In the ship model motion, lower cable tensions varied within 4.96 ~ 20.21 N, and upper cable
tensions changed within 14.48 ~ 20.13 N. Notably, cable tensions did not approach the tension
limits and were consistently maintained within the desired tension boundaries throughout this

scenario.
CLF and Stability

As outlined in 2, if a positive function V (x) satisfies the inequality V (x) < 0, the system
is stable at the equilibrium with the feedback control input. As depicted in Figure 4.6, the CLF
V(x) remained positive while the platform was in motion and eventually converged to zero in
both cases. The time derivative V (x), defined by (2.4), was consistently negative throughout the
entire process. This indicates that the system is stable with an optimal input u = [T] calculated

using (2.7).

4.2 Hardware Test
4.2.1 Hardware Design

The hardware setup consists of a moving platform connected by eight cables with the
same dimensions as the simulation model. These cables are manipulated by eight DC motors to
control their length, and tension sensors are connected to each cable to monitor their tension. In
the following section, we will explore the mechanical design, electronic components, and the

data flow within the cable-driven boat motion simulator.
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Table 4.3. CDPR-based Boat Motion Simulator Hardware

Hardware H Supplier \ Model
Outer Structure Mcmaster 1-inch 8020 frame
DC motor Pololu Gearmotor 24V (Ratio 150:1)
Motor Driver Pololu DRV-8874
Tension Sensor CALT DYMH-103 Load cell force sensor
Wireless Module HilLetgo NRF24L01
Encoder Reader Robogaia 8-channel encoder reader
Motor control MCU PJRC Teensy 4.1
Sensor MCU Arduino Mega, Uno
Power Supply AlloverPower 3-24V DC Power Supply Kit
Moving Platform Mcmaster 6061 Aluminum Plate (9057K377)
Cable Mcmaster High-Strength Thread (8800K43)

Mechanical Design

The platform was designed in a compact form, primarily emphasizing evaluating the
capabilities of the CLF-QP controller and optimizing tension. The hardware components of the
cable-driven boat motion simulator are itemized in the following Table 4.3. The outer framework
of the simulator is constructed using 1-inch size 8020 frames, with each side of the structure
measuring 0.45m in length. A 360-degree rotational cable pulley is positioned at each corner of
the structure to ensure proper cable alignment and tension measurement. The platform is a 0.1m
rectangular aluminum cuboid with a height of 0.025m. The tension sensor signal amplifier, an
Arduino Mega, and a wireless module are mounted underneath the platform. Figure 4.7 displays

the electronic components on the platform’s underside. The platform has a total mass of 0.858kg.
Electronics and Data Processing

Figure 4.8 illustrates the electronic components and data processing of the simulator.
The power supply unit provides a 24-voltage power to drive the DC motors. The Arduino Mega
and the wireless module are independently powered by a 5-voltage power source to collect and
transmit the tension sensor data. The Arduino Uno, equipped with an 8-channel encoder reader,

is tasked with gathering data from the DC motor encoders. A wireless module connects Arduino
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Mega to Uno for receiving tension sensor data. Arduino Uno, as a data hub collecting encoder
and tension sensor data, is connected to the Teensy 4.1 MCU via the wireless module to transmit
collected data. The Teensy 4.1 MCU calculates PWM signals to actuate motors leveraging PID

controllers.

4.2.2 Tension Sensor

Sensor Calibration

The tension sensor used for the simulator is depicted in Figure 4.9a. These sensors
operate on the principle that a load cell generates a voltage signal in response to an applied force.
It is well-established that the output signal from the load cell exhibits a linear correlation with
the magnitude of the applied load to the sensor[45][46]. Consequently, the Least Squares (LS)
method is suitable for calibrating these force sensors[47]. The linear relationship between the
applied weight, denoted as X, and the load cell force sensor reading, represented as Y, can be

expressed as follows[48],
Y =aX +b, 4.1)

where (a,b) are parameters. Also, the sum of the error square with n numbers of data can be

defined as,

(% — (aX; +b))°. 4.2)

I
.

1

~

To find parameters (a,b) to minimize (4.2), take the derivative of (4.2) about a and b,

og =2aY X?+2b Y X, —2Y Xi¥; =0,

oa i=1 i=1 i=1

68 n n

55 =20 Xi+2mb—=2) Y;=0. (4.3)
i=1 i=1
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Table 4.4. Tension Sensor Raw Data about Applied Calibration Weight

| Sensor | 0Og | 20g | 50g | 100g | 200g | 300g | 500g | 1000g |
1 295597 [ 292943 [ 288598 | 281103 | 265507 | 250873 | 222293 | 149090
-12806 | -14786 | -17705 | -20229 | -30663 | -37807 | -56978 | -96333
-16288 | -17854 | -20634 | -25088 | -33910 | -42932 | -58338 | -100289
60755 | 57698 | 54046 | 47584 | 34290 | 21500 | -5050 | -131510
266313 | 262953 | 257772 | 251595 | 239787 | 224784 | 196951 | 127345
4960 3340 550 4718 | -11018 | -20142 | -35164 | -75983
23130 | 20859 | 18479 | 11583 | 5284 | -6556 | -18530 | -59979
197653 | 195719 | 193555 | 191132 | 184351 | 175049 | 151909 | 106794

0| | NN W

The parameters are computed by solving (4.3) and written as,

_nY XYY XYY
TOUEXZ oYX LX
b= w (4.4)

Calibration was conducted as shown in Figure 4.9b, utilizing a set of 11 calibration weights
ranging from Og to 1000g, and a part of the sensor’s raw data is presented in Table 4.4. By
leveraging this raw data from the sensors, the parameters denoted as a’ and ’»’ in (4.1) can be
computed for each sensor using (4.2) through (4.4). The resultant parameters of the Least Square
(LS) model for each tension sensor are displayed in Table 4.5. Figure 4.10 illustrates the LS
model graph for the tension sensors, indicating a close-to-linear relationship between the raw
data from the sensors and the corresponding calibration weight applied. The Root Mean Square
Errors (RMSEs) between the LS model and the actual sensor raw data are summarized in Table

4.5.
Sensor Noise

Since each tension sensor has a different sensitivity, a sensor noise measurement was
conducted to examine the sensor characteristics. The outcomes are depicted in Figure 4.11, and

the corresponding standard deviation was computed. The sensor noise test involved collecting
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Table 4.5. Tension Sensor Calibration Parameters and RMSE

’ Sensor \ a \ b H RMSE ‘

1 -146.42 | 1443782 || 4.34g (0.04N)
-79.16 | 587084 || 10.74g (0.11N)
-85.69 | 476585 || 2.90g (0.03N)

-134.15 | 1495753 || 2.59g (0.03N)

-139.85 | 890682 || 2.09g (0.02N)
-81.53 | 220441 3.76g (0.04N)
-86.67 | 857388 || 7.94g (0.08N)
-79.05 | 787862 || 3.43g (0.03N)

0| O\ | | W[

10,000 samples for each sensor reading at a frequency of 10Hz without applying weights.

4.2.3 Control Algorithm

Figure 4.12a shows the control algorithm flow chart of the hardware model. The desired
tension (7,,) is calculated by the Control Lyapunov Function - Quadratic Program (CLF-QP)
method leveraging CDPR dynamics depicted in chapter 2. Cable tension data (7) measured by
tension sensors is the input of the feedback system. The difference between the desired and the

measured tension is used for the PID controller.

4.2.4 Results

We conducted tests in 2 different desired tension updates frequenciess, 1Hz and 10Hz.
These frequency indicates the tension updates periods is 1 second, and 0.1 second. The test

videos can be seen via the link:
1Hz Frequency Tension Test: https://youtu.be/Ys2Zgh4OTfY

10Hz Frequency Tension Test: https://youtu.be/ihPnCSamwp0

Tension tracking errors

The first data obtained from the tests comprised tension measurements recorded by

tension sensors, as depicted in Figure 4.13. For the 1Hz test, the Root Mean Square Error
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(RMSE) and Normalized RMSE (NRMSE) were 1.93N (12.40%) for the lower cable and 1.62N
(15.44%) for the upper cables. Conversely, in the 10Hz test, the RMSE and NRMSE were 2.90N
(28.09%) for the lower cable and 1.67N (23.60%) for the upper cables. Notably, the tension
data update at 10Hz exhibited relatively larger errors compared to the 1Hz frequency update
test. This discrepancy arises because the desired tension updates occur more rapidly at higher
tension update frequencies than the actual motion actuation. Consequently, the desired tension is
updated before the motors can drive the tension to the desired level and stabilize it, resulting in

tracking delays and larger errors in tension tracking.
Platform State errors

To capture the platform state data, we employed a motion capture system. As illustrated in
Figure 4.13, five motion capture markers were affixed to the moving platform, while three cameras
were positioned to track their motion. These markers collectively formed a solid body, enabling
us to derive the platform’s position and rotation data from the camera-captured information. The
motion capture video can be viewed via the following link: https://youtu.be/YF35A7)JvgnY

Figure 4.15 presents the platform state errors. In the 1Hz tension update scenario, the
RMSE (NRMSE) values were calculated as follows: Surge 0.48cm (16.17%), Sway 1.50cm
(18.85%), Heave 2.09cm (17.70%), Roll 4.41°, Pitch 2.09° (17.23%), and Yaw 1.25° (17.76%).
Conversely, in the 10Hz tension update case, the RMSE (NRMSE) values were as follows: Surge
0.67cm (28.45%), Sway 2.30cm (31.12%), Heave 3.50cm (40.08%), Roll 13.82° (37.94%), Pitch
3.07° (23.71%), and Yaw 1.60° (14.07%).

4.3 Analysis

The test results indicate that the desired tension computed utilizing CLF-QP methods
with CDPR dynamics drives the platform toward the desired state, which is particularly evident in
the low-frequency test. During slower motor operation, the PID controller is afforded sufficient

time to track and stabilize the desired tension, resulting in relatively minor tension tracking errors
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compared to high-frequency tests. Consequently, platform state tracking is notably accurate,
especially with minimal errors observed in roll control. However, faster motor operation makes
larger errors apparent compared to the low-frequency tension update test. The RMSE data for
the higher frequency test underscores increased tension tracking errors. In scenarios of high
frequency, tension updating outpaces motor actuation, leading to the next desired tension being
updated before motors can reach and stabilize at the current desired tension. Consequently,
delays in tension tracking ensue, resulting in substantial errors in the platform state.

These tests underscore the need for hardware upgrades. The current model, featuring
very stiff cables, is sensitive to even minor length changes, necessitating a more rigid structure
and cable connections to handle high-tension situations effectively. Moreover, scaling up the
hardware model offers benefits in error mitigation, as the system becomes less sensitive to
cable length changes. Furthermore, upgrades are required for the motors, motor drivers, and
power source. The existing motors demonstrate unreliable response to PWM signals, leading to
unexpected motor behaviors, particularly under high tension. Therefore, replacing high-torque
DC motors with a stable power source and robust motor drivers is essential to enhance system
performance and reliability.

In the control domain, the PID controller exclusively relies on tension data, while encoder
values tend to have less error compared to tension data. By utilizing encoder data, we can
measure cable changes and determine the current cable length. Utilizing the known stiffness
of the cables, cable tension can be computed using encoder data. Integrating both types of
tension—directly measured by tension sensors and calculated from encoder data—holds promise
for improving tension measurement accuracy. This integration can be facilitated through the
implementation of complementary filters or Kalman filters. Studying this algorithm alongside

hardware upgrades is imperative to construct a larger simulator.

45



4.4 Acknowledgements

Support for this work was provided by Republic of Korea(ROK) Navy Sponsored Educa-
tion Program.

Chapter 4, in part, is currently being prepared for submission for publication of the
material, J. Jang, T. Bewley. The dissertation author was the primary investigator and author of

this paper.

46



4l Err(Surge)
Err(Sway)
— 2L Err(Heave)
E - - = -data1
g 0
.2 :
1
-4 1
]
—6 | | 1 | | 1 ]
0 2 4 6 8 10 12
Time(s)
Rotation error(Periodic)
A Err(Roll)
——Err(Pitch)
1r Err(Yaw)

= = = -datal

o

Error(degrees)

'
%]

0 2 4 6 8 10 12
Time(s)

(a) Periodic motion

S x10° Position error(Ship model)
]
i : Err(Surge)

1 Err(Sway)
=2 ’ : Err(Heave)
é ' - = = -data1
5" .

L o :
1
-4 1
1
—6 1 | | | | 1 ]
0 10 20 30 40 50 60
Time(s)
4
——— Err(Roll)
e Err(Pitch)
© 2 Err(Yaw)
= - - - -datal
ﬁ 0
S
0
4 1 1
50 60

(b) Ship model motion

Figure 4.4. Motion tracking errors. The black dashed vertical lines are the time # = 5 when a
drone lands on a platform. Controller constants were set as p = 0.01, and A = 1.

47



Cable Tensions(Periodic)

30
25
20
e
=
e
il
@
|_
10
5
D | 1 1 1 1 |
0 2 4 6 8 10 12
Time(s)
(a) Periodic motion
Cable tensions
14 r
12 r
10
8

Tension(N)
o

0 10 20 30 40 50 60
Time(s)

(b) Ship model motion

Figure 4.5. Cable tensions. The red lines are lower cables, and the blue lines are upper cables.
Black dashed lines are the minimum and the maximum tension limits.

48



V(x)(Periodic)

0.03 -
0.02 -

0.01

Vi(x)

-0.01

-0.02 -

-0.03 !
Time(s)
Vdot(x)(Periodic)

0.1

0.05 -

-0.05

Vdot(x)

-01

-0.15 | I | I

Time(s)

(a) Periodic motion: V (x) is within the boundary 0 ~ 0.0063, and V (x) is —0.1067 ~ 0.

V(x)(Ship model)

0.14 -
012 |
01}

=008}

x

> 008

0.04

0.02 L I | B | _1 |

0 10 20 30 40 50 60
Time(s)

Vdot(x)(Ship model)

ok 1 I 1 I
0 10 20 30 40 50 60

Time(s)

(b) Ship model motion: V(x) is within the boundary 0 ~ 0.1295, and V (x) is —2.4343 ~ 0.

Figure 4.6. Control Lyapunov Function V(x), and V (x)

49



!

" Signal
_EA»
.:;g:fi . B

/ / '

3 7 : d

| IJ'
irele

Modul
- ,”ll

Figure 4.7. The electronics attached at the bottom of a moving platform. Signal Ampli-
fiers(HX711) amplify tension sensor signals. The data is sent to Arduino Uno through a wireless
module(NRF24L01).

Mot trol Si |
POWGF(ZAV) < otor Control Signa
Encoder
Data Teensy 4.1
Main MCU,
Calculate PWM
signal

Tension

Data

Power(5V)

Data Hub
Encoder Reader
Wireless Module

Tension Sensors,
Wireless Module

Figure 4.8. Electornics and Data Flow of the Cable-driven Robot Based Boat Motion Simulator

50



Load-cell
Sensor

(a) Load Cell Tension Sensor attached to a platform (b) Tension Sensor Calibration
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Chapter 5

Camera Image Based Rotation Estimation
for Quadrotor Landing

Flight deck markers

Figure 5.1. Conceptual image of a quadrotor landing on the navy ship after its mission. The
circular pattern markers on the flight deck appear as an ellipse as the ship rotates

Estimating the 3D rotation of a moving platform using a 2D camera image is a valuable
technique for safely recovering aerial vehicles onto the platform. Quadrotors and other Vertical
Take Off and Landing Unmanned Aerial Vehicles (VTOL UAVs) face constraints on operation

time due to their battery capacity. Consequently, these assets need to land on moving platforms
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upon completing missions. There is a study focused on extending a quadrotor’s operation time by
utilizing a tethering power cable [51]. However, quadrotors inevitably need to return to the base
platform for maintenance or to prepare for further operations. Platforms located on the sea, such
as navy ships, experience 6-DOF motion during operations due to winds and waves. Inspired
by the procedure of a navy helicopter landing on a navy ship’s flight deck [52], we propose
rotation estimation during the landing process of UAVs. In a related video, a navy helicopter
pilot attempts to land on a navy ship in rough sea conditions. The pilot waits for the platform
motion to stabilize sufficiently before safely landing on the flight deck.

Research studies on vision-guided autonomous UAV landing and the autonomous landing
of aerial vehicles on ground vehicles primarily address precise landings on stationary or transla-
tionally moving targets [53][54]. However, these studies typically do not account for platform
rotations. While there are studies discussing landing on a ship, they often focus on the estimation
algorithm for the ship’s position and do not take into consideration the ship’s rotational motion
[55]. Given that the ship’s roll can reach approximately +30° at sea state 6, there is a risk of
causing damage to UAVs [56]. Consequently, a UAV may need to remain on standby at a safe
altitude until the rotational motion is within a safe range for landing.

ArUco markers have been widely employed for estimating platform pose and facilitating
the autonomous landing of UAV's [57][58][59]. While these markers aid in estimating rotations,
deploying ArUco markers on the navy ship flight deck presents challenges. ArUco markers are
conspicuous, making it easy for enemy reconnaissance aircraft to spot the navy ship. Additionally,
the algorithm distinguishing ArUco markers may be rendered ineffective if the markers are
damaged in combat situations. Therefore, we opted to explore the use of simple circle markers
arranged in a circular pattern on the flight deck for rotation estimation.

We assume that a quadrotor is equipped with a camera capable of capturing 2D images
and identifying markers on the flight deck, as depicted in Figure 5.1. This camera can recognize
circular images and determine the pixel positions of the circles [60]. Initially, the centers of the

camera image sensor and the circular pattern are aligned along the circular corn’s revolution axis
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(a) Zero rotation (b) 20° Roll

Figure 5.2. The conic section camera images as an object rotates. Oy is the circular shape object
center, 7 is regarded as the camera image sensor, M is the center of the image on 7, and Op is
the projection center.

[61]. As the object undergoes rotation, the contour of the image transforms into an ellipse, with
a larger eccentricity. The ellipse equation can be established based on marker positions, and by
analyzing the geometry of the ellipse, rotation estimation can be achieved [62]. A simulation
model of the platform replicating ship motion and circular pattern markers was developed
to simulate conic section camera images. As the platform rotated, circular pattern markers
formed an ellipse, and the rotation estimation algorithm evaluated the rotation angles of the deck.

Additionally, a hardware test was conducted to verify the performance of the method.

5.1 Preliminary
5.1.1 Conic Section Camera Image

Camera images reflect three-dimensional (3D) objects on a two-dimensional plane. In
two-dimensional (2D) camera images, the object appears smaller as it moves farther from the

camera, eventually converging at a single point, resulting in distortion known as the foreshorten-
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Figure 5.3. Ellipse with the center (m,n), semi-major axis p, and semi-minor axis g. 6, and ¢
are the tilt angles of an ellipse.

ing effect[63]. Figure 5.2 illustrates camera images on the image plane 7 based on the rotation
of the object plane O¢p. The camera image forms a conic section, resembling a cone formed by
the revolution axis and a straight line connecting Op and Op. The shape of the projected images
on 7, represented by the blue and red dashed lines in Figure 5.2, transitions from a circle to an
ellipse. Additionally, as the axis of the cone tilts, the center M of the circle shifts to the center M’
of the ellipse[64][65]. Utilizing these properties, a camera model was developed and employed
to simulate 2D camera images from 3D points. The camera model and conic section are defined

by camera characteristics such as pixel resolution, focal angle, and focal length[66].

5.1.2 Ellipse Equation

Chapter 5.1.1 explains the changes in shape on the camera image plane as a circular
object undergoes rotation. As the camera image transforms into an ellipse depending on the

object’s rotation, the estimation of rotation can be accomplished by analyzing the characteristics
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of the ellipse. The equation of the ellipse, as illustrated in Figure 5.3, can be expressed as,

(r=m? | (y=n)?

—1, (5.1)
p? q°

where (m,n) represents the center of the ellipse position in the body frame, and (p,g) denotes
the lengths of the semi-major and semi-minor axis, respectively. The ellipse equation can be

reformulated in the polynomial form as follows[67],
ax® +bxy +cy* +dx+ey+ f = 0. (5.2)

As (5.2) involves six unknown constants (a,b,c,d, e, f), a minimum of 6 positions (x,y) are
required to determine the ellipse. By rearranging (5.2) and moving the term ax? to the right-hand

side, the matrix form of the ellipse equation becomes,

v % x| ] [=2

oy ¥ oy 1| —x3

x3y3 y3 oaz vz L |d'| = |=x3|- (5.3)
y

i y;oxoy 1] [

Here, b',c’,d’, ', and f’ are derived as follows,

where a = 1, and (x;,y;) represents the position of i-th point on the ellipse, a minimum of five
points are required to define the ellipse equation. Solving (5.3) enables the determination of

five unknown constants. The resulting ellipse parameters (m,n, p,q) in (5.1) are expressed as
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follows[68][69],

cd—bf ae — bd
TP —ac "T 2 _ac

B 2(ae? + cd?* + fb? —2bde — acf)
p_\/(bz—ac)( (@02 140%) —(ato)
B 2(ae? +cd?* + fb? —2bde — acf)
q_\/(bz—ac)(— (a2 1407 —(ato)

m

The tilt angle of an ellipse, which indicates the angle between the minor axis and the horizontal

axis of the image plane, can be formulated as follows[62][70],

(

Teot 159+ %, ifp<gq

= 1 1= - 1 o—1(c=
0 seot ' (Gf)—m, ifb<0, scot” () >7% (5.4
% cot ! (52), otherwise
\

and the range is (—7/2 < 0 < 1/2). Additionally, the angle(¢) between the major axis and the

horizontal axis of the image can be expressed in terms of 6,

6 = sign(6)(5 — ).

5.1.3 Rotation Sequence

The 3D rotation of a solid body can be described by a set of three rotation angles (o, 3, 7).

Tait-Bryan and Euler rotation sequences are commonly used to represent the rotation of an object.
Sign Ambiguity

The estimation of rotation from a 2D image can lead to the rotation sign ambiguity
problem. When the distance between the object and the camera is considerable, or the rotation

is very small, the distortion in the camera image is negligible. Consequently, when a platform
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(a) Zero rotation (b) Roll (¢) Pitch

Figure 5.4. Top view of markers on a platform. Hollow circles represent markers, and the black
circle denotes the bow marker. The markers form a circle with zero rotation but transform into an
ellipse when the platform rotates. In cases of only roll or pitch, the direction of rotation becomes
ambiguous.

rotates only in roll or pitch, the direction of rotation cannot be determined because the images

appear equivalent, as illustrated in Figure 5.4.
3-1-3 Euler Rotation Sequence

The 3-2-1 Tait-Bryan rotation sequence comprises yaw, pitch, and roll pitch angles. There
are potentially two sign ambiguities, which involve roll and pitch. However, the 3-1-3 Euler
rotation sequence consists of yaw, roll, and another yaw angle. Therefore, employing the 3-1-3
Euler angle rotation sequence is advantageous in reducing the possibility of sign ambiguity. As
illustrated in Figure 5.5, the 3D rotation of an object can be described using the 3-1-3 Euler
rotation sequence: Rotate the object by an angle o about the z-axis of the body frame, then by 8

about the x-axis, and finally by ¥ about the z-axis.

5.2 Rotation Estimation
5.2.1 Determine Camera Image Conic Section

Assume that there are nine markers on a ship flight deck. Eight markers are positioned
in a circular pattern, and one marker is at the center of the circle. Figure 5.2 illustrates conic

sections shown on the camera image plane as a ship rotates. As explained in 5.1.1, a rotated circle
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X

(a) Zero Rotation

(¢) Second Rotation(Roll) (d) Third rotation(Yaw)

Figure 5.5. 3-1-3 Euler rotation sequence

image appears as an ellipse, and the ellipse’s center is shifted. The pixel coordinates position
(X¢, Y., Z.) of each marker, representing its position relative to the camera coordinate system

with the origin at the center, can be computed using the pinhole camera model equation[66].

X, P,
Y.| =K=*Tx* P | (5.5)
Z. P, +h
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Figure 5.6. Simulated distorted camera image determined by 200 roll platform rotation. Red
circles are circular pattern markers. The black star is the ellipse’s center that is shifted by rotation.

where (P, P, P;) is 3D marker position in platform coordinate and 4 is the altitude of quadrotor.

Matrices K, T are defined as,

fx 0 cx 01 O
K=10 fy ¢yl T=1]1 0 0|,

0 0 1 0 0 —1

where fx and fy are focal lengths, cx and cy indicate the camera center coordinate. Matrix K
is determined by camera characteristics, and matrix 7 represents the transformation from the
object coordinate to the camera image coordinate. As the image coordinate system’s origin is
located at the top left corner, 2D-pixel marker positions (X),,Y,) can be written as,

X, Y.

Xp:Z—cx, Yp:cy—z—c. (5.6)

Finally, by (5.3), the equation of the ellipse in polynomial form can be determined, given that

the 2D-pixel marker positions are expressed by (5.6).
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5.2.2 Obtain Corrected Image

As described in 5.1.1, camera images are distorted due to the foreshortening effect, and
this effect can solve the sign ambiguity problem because the ellipse center is shifted. However,
distorted camera images must be corrected since the rotation sequence illustrated in Figure 5.5 is
based on geometrically undistorted images. The 2D i-th marker position vectors = (Xp:Yp,)+ I

with the center marker position T() =(X D0 Ypo), can be defined as,

i = dic;,
where ¢; is the unit marker position vector, d; is the distance between the center marker and the
i-th marker. In the distorted image shown in Figure 5.6, I, and I, are marker position vectors in
the opposite direction. Assuming that a quadrotor has an altimeter and maintains hovering at the
center of the platform, the distorted camera image can be converted to the undistorted marker
positions in the platform coordinate utilizing (5.5), (5.6). By plugging I; into the pinhole camera

model equation and rearranging equations, then the formulations are derived as below[62],

—dlch — dzcyo — 2d1d2 COS(‘P)

P =
K fy(di —d)
dicx, +dacy, + 2d1dp sin(P)
P, = 5.7
Vi f-x<dl _d2) ( )
P = —h—dy,

odi—dy

where (cy,, ¢y, ) represents the unit center marker position vector, and W is the angle of the marker

position with respect to the center marker.

5.2.3 Rotation Estimation Equations

Figure 5.7 depicts the simulated undistorted images outlined in 5.2.2 and the procedure

for determining the 3-1-3 Euler rotation sequence from the images. The detailed process is as
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Figure 5.7. 3-1-3 Euler rotation sequence angles from undistorted camera images for 20° roll,

10° pitch, and 5° yaw in the platform frame. The red line is the major axis, and the blue line is
the minor axis.

follows[62]:
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Figure 5.8. The side section view of the right triangle formed by the second rotation. b is the
semi-minor axis length and r is the marker circle radius.

Figure 5.9. The angled side section view of the isosceles triangle formed by the third rotation.

The first rotation(Yaw)

The first rotation angle is the semi-major axis tilt angle for the horizontal axis. Figure

5.7b is graphically describing that o is the tilt angle of the ellipse and can be expressed as,

o= ¢ =sign(6)(5 ~16]):

The second rotation(Roll)

As shown in Figure 5.7¢ and 5.8, f is the angle between the semi-minor axis and the
radius vector of the marker circle. The side section of the semi-minor axis,and the radius vector

forms a right triangle with rotation angle . Since markers form a circle before the second
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rotation, the longer side of the triangle is circle radius r. The sign of 8 is determined by the

z-component of the semi-minor axis OY”. Finally, the equation for 8 can be formulated as,

where b represents the length of the semi-minor axis.
The third rotation(Yaw)

The third rotation can be estimated by calculating the rotation angle between major axes
OX' and the bow marker vector OX”. In Figure 5.7d, the length of the major axis is the same as
circular pattern radius r, equivalent to the length of OX’ and OX”. Figure 5.9 shows the triangle
formed by the third rotation angle. Since the section is an isosceles triangle, ¥ can be calculated
leveraging the law of cosines, and the sign of the angle is determined by the y-component of the
bow light vector OX”, which can be determined by (5.7). Then, the formulation of ¥ becomes,

, 1 2rP—|0X' —0X"|?
¥ = sign(X;')(cos 1( | 52 | ).

Rotation conversion

Since the estimated rotation angles are in the 3-1-3 Euler rotation sequence, the rotations
need to be converted to determine roll, pitch, and yaw angles. First, 3-1-3 Euler rotation

angles (a, B, 7) calculated by the estimation process can be converted to quaternion rotations

q = [q0,91,92,93] by,

q0 Cy/2€B/2Ca/2 — Sy/2€B /25 /2
qr| | Cy28p/2Ca/2t Sy/25B/25a)2
q2 Sy/258/2Ca /2 — Cy/28B/25a /2 |
(93] [Cv/26B/25a/2 7T 5y/2€B/2Ca)2 |
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with c¢q /5 = cos(e/2) and 54/, = sin(0/2). Once the quaternion rotation is obtained, the roll,
pitch, and yaw angles can be computed by the quaternion-Euler angle conversion formulation as

follows[71],

Roll = atan2(2(goq1 + ¢2¢3), 1 — 2(q1 +¢3)),
Pitch = asin(2(q193 — q042)),

Yaw = atan2(2(qoq3 +¢241), 1 —2(q3 +43)).

5.3 Experiments

To validate the theory, a simulation model was developed and tested. Additionally, a
scaled-down hardware experiment was conducted to assess the performance of rotation estimation.
The Open Source Computer Vision(OpenCV) algorithm was employed to recognize markers and

measure their positions[72].

5.3.1 Simulation Model Test
Platform Model

The simulation model represents a navy ship flight deck equipped with nine markers:
eight arranged in a circular pattern, and one positioned at the center of the platform. We assumed
the quadrotor would hover at an altitude of 5 meters, tracking the center marker to maintain its
position while the ship undergoes movement. In the simulation, the diameter of the marker circle
is 1 meter, and the flight deck measures 10 x 10 meters. Two motion scenarios were tested: Case
1 involved rotation in one direction (Roll: -20° to 20°, Pitch: -10° to 10°, Yaw: -5° to 5°,), while
Case 2 utilized a mathematical ship motion model (USS Oliver Hazard Perry class destroyer in

Sea State 6)[73].
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Figure 5.10. Case 1. Angles change in one direction. Actual angles are dashed lines, and
estimated angles are solid lines.

We assume that the quadrotor is equipped with the “Raspberry Pi Camera Module V2-8,”
which is equivalent to the hardware model. The camera has a pixel resolution of 3280 x 2464,

and the focal angles are 45.4° horizontally and 31.1° vertically.

The rotation estimation of each case is shown in Figures 5.10 and 5.11. Table 5.1 the
Root Mean Square Errors(RMSEs) for each case and rotation. The RMSE for Case 1 ranged
from 0.0771 x 107'%" t0 0.2235 x 10~!%", and for Case 2, it was between 0.3010 x 10~'?" and
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Figure 5.11. Case 2. The ship motion model

0.6083 x 10~ 12", The results suggest that the estimation algorithm performs with minimal errors.

Table 5.1. Estimation RMSE (Degrees)

’ Motion \ RMSE: Case 1 \ RMSE: Case 2 ‘

Roll |0.2235x 10712 [ 0.3010 x 10~ 2
Pitch | 0.1814 x 10712 | 0.3126 x 10712
Yaw | 0.0771 x 1012 [ 0.6083 x 1012
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Figure 5.12. Hardware model image. The camera module, Raspberry Pi, and a plate with
circular pattern markers are connected to a linear slide. The camera and the center mark are
aligned. The camera detects markers, and the marker positions are obtained by the OpenCV
algorithm.

Circleimage v ~ X

Figure 5.13. Detected circle image. my is the center marker, m; is the bow marker position in
the camera image coordinate.
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5.3.2 Hardware Model Test

Figure 5.12 illustrates the hardware model used to test the rotation estimation algorithm.
The hardware model’s size was determined by scaling down the simulation model with a 1/10
ratio. Thus, the distance between the camera center and the platform center was 50 centimeters,
and the diameter of circular pattern markers was 10 centimeters. The platform mount was
fixed at a 30-degree roll. In Figure 5.13, the i-th marker’s 2D position from the center marker,

pi = (Xp,;,Yp,;), can be calculated as follows,
pi = m; —myg.

The positions of markers are measured over 10 seconds with a 10Hz. Using marker positions p;,
the ellipse equation is determined by (5.3). Figure 5.14 displays the result of the hardware test,
where the estimation errors tend to be consistent, and RMSEs were roll 1.1577°, pitch 2.9360°,

and yaw 1.6080°.

5.4 Analysis

This study introduces a rotation estimation method for a moving platform, specifically
in the context of quadrotor landing. The proposed approach assumes the presence of a circular
image with nine markers on the moving platform, and a quadrotor equipped with a camera tracks
the platform’s center. As the platform rotates, the circular marker images are distorted into
ellipses on the camera’s image plane due to the foreshortening effect. Analyzing these ellipses,
determined by marker positions, allows for the estimation of the platform’s rotation.

Both simulation and hardware models were tested, demonstrating that the rotation
estimation algorithm achieved Root Mean Square Errors (RMSE) of less than 0.7 x 101’
degrees. Future work aims to enhance the algorithm and hardware model. Calibration of the

hardware model will be pursued to minimize errors, considering the consistent estimation errors
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Figure 5.14. Hardware model experiment result

observed. Additionally, the study acknowledges the assumption of the quadrotor hovering
precisely over the platform center. Future improvements will focus on extending the algorithm
to estimate 6-DOF platform motions, including surge, sway, and heave.

To improve the hardware model, our plan involves utilizing a cable-driven motion
simulator designed to replicate 6-DOF boat motions. The simulator will feature circular pattern
markers on its platform, and a camera mounted on the simulator will be utilized to perform
rotation estimation tests. This approach aims to refine and validate the proposed rotation

estimation method under more realistic and dynamic conditions.
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Chapter 6

A Novel Design of Pipe Inspection Robot

Pipe and duct networks constitute crucial components of global infrastructure, serving
purposes such as water supply, natural gas transportation, waste management, and building
ventilation[74]. However, the aging of these networks poses the risk of leaks, resulting in the loss
of valuable resources and the release of hazardous substances[75][76]. Hence, regular inspection
and maintenance are essential to minimize inefficiencies and safeguard the environment from
potential harm. A significant challenge arises from the fact that a substantial portion of these
networks is hidden underground, underwater, or within structures like buildings, refineries,
ships, or submarines. Additionally, many older buried pipe systems lack accurate mapping,
making it challenging to locate them accurately and increasing the risk of damage during nearby
construction or repair projects involving extensive excavation. To address these challenges,
the use of pipe inspection robots capable of internal inspection, exploration, and mapping
becomes crucial. These robots are specifically designed to navigate complex pipe networks
characterized by bends, joints, diameter variations, and vertical sections, ensuring their reliable
maneuverability.

Numerous efforts have been made to develop efficient pipe inspection robots, with snake
or serpentine-style robots representing common designs for this purpose[77][78][79]. However,
these robots often exhibit characteristics of being lengthy, intricate, and having high blockage

potential. Snake robots typically feature multiple treads or wheels around their circumference,
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Series Elastic Actuator
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Figure 6.1. The overall configuration of the proposed pipe inspection robot Model S4.

which can extend outward to grip the pipe wall. These robots are frequently constructed
with multiple independent modules, each equipped with various motors for articulation and
locomotion. The Explorer II is an example of a pioneering snake robot design targeting a
range of pipe diameters[80]. Another category of robots designed for pipe inspection is the
screw drive in-pipe robot, which utilizes two large rotating screws for propulsion within the
pipe[81][82]. However, these robots encounter challenges in navigating curves or joints. Some
designs incorporate six or more wheels mounted on spring-loaded arms around the robot core
[83]. Half of these arms are attached to one end of the vehicle, and the other half to the opposite
end; each arm unfolds from the vehicle body as needed to grip the walls, enabling the robot to
handle pipes with varying diameters. Despite their adaptability, these robots tend to be more
complex and have higher blockage potential. Rover-type designs are also deployed in large
mainline pipes, but they generally struggle to navigate into pipe branches at joints within pipe
networks. These robots often feature one or more arms capable of pushing wheels against the
opposite side of the pipe to enhance stability during rolling maneuvers[84][85].

The robot proposed in this paper shares similarities with an existing tethered W-shaped

design featuring pairs of omniwheels as drive wheels at each of the three interior joints and pairs
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of half-spherical wheels at each end for control[86]. In comparison to this W-shaped design,
known as AIRo-II, the proposed design, Model S4, is characterized by reduced complexity, fewer
wheels, and lower blockage. Additionally, the AIRo-II design does not integrate Series Elastic
Actuators(SEA) with springs to achieve inherent stability by passively adjusting the robot’s
width across the full pipe diameter range. The springs in AIRo-II firmly press the wheels against
opposite walls at a minimum of three alternating contact points at all times. Notably, the roll
control mechanism in the AIRo-II design involves two sets of spherical wheels, differing from

the Model S4, which utilizes two orthogonally arranged omniwheels for driving purposes.

6.1 Design
6.1.1 Mechanical Design

The Model S4 is designed for pipe navigation, including traversing T-joints and curves.
The overall configuration of Model S4 is illustrated in Figure 6.1, featuring two robot arms
equipped with omniwheels driven by DC motors, referred to as Driving wheels, responsible
for maneuvering the robot forward and backward. The robot arms are connected to a body
frame through Series Elastic Actuators(SEAs), as detailed in 6.1.2. This SEA mechanical system
generates continuous forces on the pipe wall to stabilize pitch and yaw motions, regardless
of gravity’s direction. This capability proves crucial when navigating through intricate pipe
networks with curves, joints, and significant changes in diameter. Two omniwheels are affixed to
the body frame, serving as Control wheels and powered by DC motors. These wheels have the
capability to manage the robot’s roll motion, given their vertical orientation to the pipe’s axial
center line. The primary operational objective of the model is to navigate effectively within a
4-inch pipe. All hardware components were chosen and designed to fit within the confines of a

4-inch diameter pipe, as depicted in Figure 6.2.
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(a) Front-view

(b) End-view

Figure 6.2. Model S4 inside a 4-inch diameter pipe.

6.1.2 Series Elastic Actuator

DC motors or servo motors have become widely utilized in the field of robotics due to
their recognized reliability, precise position control, and resistance to external disturbances. Their
application has been extensively researched across various domains, including robot motion

control, medical devices, compressors, and more[87]. However, these rigid actuators come with
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inherent limitations when it comes to handling unexpected forces resulting from environmental
impact or shock[88]. Exposure to significant forces can lead to damage to the shaft or gearboxes
of these actuators. Moreover, for robots requiring the exertion of forces against the ground or a
wall to maintain a stable pose, continuous actuation is required.

In contrast to stiff actuators, Series Elastic Actuators(SEAs) incorporate built-in elastic
materials, specifically torsion springs. Unlike traditional stiff actuators that generate torques
through electric current flow, SEAs derive torques from the deflection of an elastic material.
While SEAs are recognized for their complex mechanisms, involving a motor, an elastic material,
and configuration-dependent structures[89], they effectively reduce the stiffness associated with
conventional actuators. This reduction enables SEAs to mitigate unintended forces directly on
motor parts. Despite their complexity, SEAs have demonstrated their efficacy in applications such
as robot legs, as exemplified by the Legged robot at MIT[90]. This characteristic allows SEAs to
absorb unexpected shocks or disturbances resulting from impacts, enhancing overall stability
and resilience[91]. The advantages offered by SEAs have led to their widespread adoption in
wearable robots and exoskeleton devices[92]. As the torque is determined by the deflection of
elastic materials, SEAs can also serve as force or torque sensors[93]. Additionally, the deflection
of elastic materials in SEAs allows them to transmit force or torque to connected mechanisms
without requiring additional motor actuation. Moreover, the inclusion of elastic materials, such
as springs, in SEAs transforms the force control problem into a position control problem, leading
to substantial improvements in force accuracy[94].

The research on Series Elastic Actuators (SEAs) primarily focuses on investigating
the viability of applying pushing forces on a robot arm. The proposed SEAs aim to achieve
inherent stability by passively expanding the robot across a wide range of narrow spaces, with the
springs firmly pressing the wheels against opposite walls. Previous studies have explored various
elastic components for SEAs, including compact and lightweight elastic beams[95], compression
springs for linear motions[96], and torsion springs for rotational motions[97]. In this work, we

propose the integration of torsion spring-motor in SEAs, as torque is necessary for continuously
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“—— Robot Arm

Figure 6.3. Type A SEA: Consists of a servo motor, a torsion spring, a D-profile shaft, 3D
printed disks, and a robot arm.

pushing against the walls using the robot arm. The motor is affixed to the robot body frame or
arm and is driven to deflect the torsion spring. As the torsion spring deflects, torque is applied
to the robot arm connected to the spring. Two distinct types of torsion spring-motor integrated
SEAs were designed and tested for characterization. Additionally, to address the limitations of
these two types of SEAs, a conceptual design is suggested that can generate substantial torque

using a DC motor, potentially finding applications in robots operating in diverse environments.
SEA Designs

This chapter explores two distinct types of Series Elastic Actuators(SEAs): Type A and
Type B. These designs are specifically tailored for robots operating in confined spaces. The
incorporation of a high-torque micro servo motor was chosen to streamline the design and enable
precise control of the shaft angle. Although Type A and Type B SEAs share identical hardware

components, their connection configurations are reversed.
Type A: Torsion Spring-Servo Integrated SEA

As depicted in Figure 6.3, Type A SEA incorporates a servo motor affixed to the body

frame, with Disk 2 connected to the servo motor hub. A D-profile shaft is rigidly linked to both
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Figure 6.4. Type B SEA: Parts are connected in reverse order compared to the Type A SEA.

Disk 1 and 2. Disk 1 serves to connect the shaft and torsion spring, facilitating the transmission
of motor torque to the spring. The torsion spring, firmly attached to a robot arm, bears the torque
from the servo motor, inducing a change in the arm angle. However, the arm angle remains
constant upon contact between the robot arm and the ground. Consequently, when additional
torque is applied to the spring by the servo motor, the torsion spring initiates deflection. This
design is particularly well-suited for constructing a robot arm capable of exerting continuous
forces against walls or floors. The compact size of the Type A SEA proves advantageous for
robots navigating narrow structures like pipes, enabling them to maintain stability and posture.
Through the utilization of the Type A SEA, these robots can effectively apply forces to walls,

ensuring their capability to navigate and operate within confined spaces.
Type B: Reverse Torsion Spring-Servo Integrated SEA

Figure 6.4 illustrates the configuration of the Type B SEA, a variant of the Type A SEA
that shares identical hardware components. However, the arrangement of these components is
reversed compared to the Type A SEA. In this design, a servo motor is integrated into a robot
arm, with the servo motor hub firmly attached to Disk 2, and a D-profile shaft linking Disk 1 and

Disk 2. A torsion spring connects Disk 1 to a spring mount on the body frame, and the deflection
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of the torsion spring generates a pushing force on the robot arm. Notably, Type B lacks a servo
motor mount on the body frame and has a smaller body width(Type A: 3.07”, Type B: 2.65”).

This design offers advantages in fitting within smaller spaces.
SEA Experiment Setup

The hardware details for the experiment are outlined in TABLE 6.1. The SEA consists
of a motor, a spring, and a robot arm connected in series. The objective of the experiment is to

measure the forces exerted by the proposed SEA designs for characterization.

Table 6.1. Hardware Parts

| Category \ Specification |
Motor (Stall torque) | RS100 Micro Servo (1.7037 N-m at 6V)
Shaft 6mm D-profile
Torsion Spring Music wire
Microprocessor Arduino Uno
Force sensor Load cell force sensor

Torsion Spring Torque

The torque(7) generated by a torsion spring can be computed based on Hooke’s law[98],
T=kAB, (6.1)
where k is the spring rate, A6 is the deflection angle of the torsion spring. The torsion spring

rate k varies based on the spring configuration and is determined by[99],

Ed*

k =
64DN,

(N-m/rad). (6.2)

In this equation, E denotes the modulus of elasticity, d represents the wire diameter, D is the

mean diameter, and N, is the number of active coils. The number of active coils(,) is defined
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by the following equation, incorporating the spring coil number(N) and the leg length(L)[100],

Ny,=N+ L
“ 7 3md
Table 6.2. Torsion Spring Specification
’ Category \ Specification ‘
E (Modulus of elasticity, N/m?) | 2.0684 x 10!
d (Wire diameter, m) 0.0029
D (Mean diameter, m) 0.0219
N (Number of coils) 5.25
L (Leg length, m) 0.1016

Utilizing the torsion spring specifications outlined in Table 6.2, the spring rate of the
torsion spring is determined to be 1.2005 N-m/rad. Concurrently, the measured torques are
acquired by measuring forces at the edge of the robot arms and multiplying them by the length
between the SEA shaft and the shaft hole on the arm.

Figure 6.5 depicts the side view of Type A SEA, and the torque generated by the SEA
can be calculated by multiplying the force f by the horizontal distance r. Subsequently, the

measured torque T, is expressed as,

Tn=rf=acosQf, (6.3)

where ¢ is the initial arm angle measured by a protractor and is assumed not to be changing. The
initial angle represents the angle at which the robot arm makes contact with the ground, marking

the onset of spring deflection.
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Figure 6.5. Type A SEA Side View: a is the arm length, and ¢ is the initial arm angle. r can be
calculated as r = acos ¢. As the motor is actuated and the torsion spring is deflected, the force at
the edge of a robot arm pushes against the ground.

\
v )

(a) Force Sensor (b) Load Cell

Figure 6.6. Customized force sensor utilizing a load cell.
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Figure 6.8. Type A and B Hardware Model.
Force Sensor

The torsion spring deflection results in a pushing force on the robot arm, as explained in

6.1.2. Instead of directly measuring the spring deflection angle, a force sensor can be employed
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Figure 6.9. The relation between torsion spring deflection angle and the output torque of each
SEA type. The deflection angle changes from 0 to 35 degrees, and four tests were performed for
each model. Circles are torque(7,,) calculated by (6.3) about commanded servo motor torque,
and the solid red line is estimated torque(7) computed by (6.1) about deflection angle.
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to calculate the measured torque using (6.3). As illustrated in Figure 6.6a, a load cell force
sensor was positioned beneath the robot arm to measure the force. This custom force sensor
incorporates a load cell, as depicted in Figure 6.6b.

Calibration, as seen in Figure 6.7a, was conducted by adding specific weights to the
force sensor. Raw data from the sensor were collected, and the Least Square(LLS) model can
be determined though (4.1) from (4.4). The calculated parameters were a = 1.0675 x 10°,b =
—0.6662 x 10°. Figure 6.7b displays the sensor’s raw data and LS model. The RMSE of the LS
model compared to the measured weight calculated from the sensor’s raw data was 2.0640 x 10~4

kg, and the sensor’s raw data demonstrates a nearly linear relationship with the loaded weight.
SEA Experimental Results

Each SEA hardware test model was constructed, as depicted in Figure 6.8. The experi-
ment aimed to measure the generated torque of proposed SEAs and analyze the error between the
measured and estimated torque. The torque plots in Figure 6.9 illustrate the relationship between
the deflection angle and torque. The measured torques of Type A and Type B in Figure 6.9a and
6.9b demonstrate a nearly linear relation from O to 30 degrees of deflection angle, but it remains
constant beyond 30 degrees. This observation can be attributed to the limited torque provided by
the servo motor, which is insufficient to alter the angle of the torsion spring beyond a certain
angle(30 degrees). Considering the data from O to 30 degrees deflection angle, the RMSEs
and NRMSEs for estimated torques for each type of SEA are as follows: Type A: 0.0797 N-m
(12.68%) and Type B: 0.0897 N-m (14.28%). Note that the difference between the maximum and
minimum values of the estimated torques was used as a scaler to normalize RMSE to calculate

NRMSE. The average RMSE and NRMSE of both designs were 0.0847 N-m (13.48%).
Possible Design for High-torque Requirement Robots

In the results, it was observed that Type A and Type B SEAs had a limitation of a

30-degree deflection angle due to the stall torque of the servo motor. To address the need for
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Figure 6.10. Type C SEA: Consists of a high-torque DC motor, a customized torsion spring, 3D
printed disks, and a robot arm.

higher torque requirements, Type C was designed, as seen in Figure 6.10. Type C SEA is a larger
size designed explicitly for high-torque-required robots. It incorporates a high-gear ratio DC
motor with an encoder to generate the necessary torque. Type C SEA shares the same connection
sequence of hardware parts as Type A SEA. However, the high-torque DC motor used in Type
C allows for greater deflection of the torsion spring. The motor is positioned inside the torsion
spring on the body frame to maintain a low-profile body width. The motor shaft is connected to
Disk 1, which is linked to the torsion spring, and the other side of the torsion spring is connected
to Disk 2. When the motor is actuated, the torsion starts to deflect, generating torque that applies
a force to the robot arm connected to Disk 2. Considering the larger diameter of the torsion
spring in Type C, selecting spring properties such as wire diameter and the number of coils is

crucial to achieving the required spring rate defined as (6.2).
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SEA Test Results Analysis

This SEA research introduces torsion spring-servo motor integrated SEAs designed to
generate continuous forces on a robot arm. These designs leverage the torsion spring’s capability
to generate torques through deflection, eliminating the need for continuous motor actuation. The
experimental results show that the output torques of both designs exhibit a nearly proportional to
the deflection angle. However, it was observed that there are deflection angle limits due to the stall
torque of the servo motor used in the experiment. The Type C design is suggested to overcome
this limitation, which utilizes a high-torque DC motor for greater deflection capabilities, suitable
for scenarios requiring higher torque output.

Future work will focus on enhancing the hardware to minimize potential sources of
errors, particularly related to the use of low-cost 3D printed parts like the disks. These parts
may introduce slip and result in torque loss from the servo motor. To address this, it is necessary
to replace these 3D-printed components with more robust materials, such as metal, to enhance
reliability. Additionally, further tests and characterization of the Type C design are needed,
involving the construction of hardware and conducting tests. In conclusion, this paper proposes
various types of SEAs with unique characteristics, offering flexible solutions for accommodating

diverse space constraints and torque demands in robotic applications.

6.1.3 Hardware

Model S4’s prototype was constructed utilizing a 3D-printed body frame crafted from
Formlabs’ Rigid 4000 resin, renowned for its durability, heat resistance, and stability [?]. This
model integrates Series Elastic Actuators(SEAs) consisting of a torsion spring, a high-torque, low-
profile servo motor, a D-profile metal shaft, 3D-printed and laser-cut D-profile Disks, and a robot
arm. The servo motor boasts a maximum torque capacity of 3922.66mNm, adequate for managing
the deflection and loading of the torsion spring, reaching a maximum torque of 3163.58mNm.

The Driving wheel DC motors are worm gear motors with a rated torque of 980.67mNm,
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while the Control wheel DC motors are geared motors with a rated torque of 196.13mNm. All
motors are under the control of an Arduino Uno microprocessor and TB6612FNG dual motor
driver. The robot is equipped with two different diameters of omniwheels: 100mm (3.93 inches)
diameter for Driving wheels and 70mm (2.76 inches) diameter for Control wheels. Their centers
precisely aligned with the pipe’s axial plane. The DC motors are responsible for actuating the
omniwheels to manage forward, backward, and roll motions. The hardware components utilized

in constructing Model S4 are detailed in Table 6.3.

Table 6.3. Model S4 Prototype Hardware

Hardware H Supplier \ Model
DC motor(Driving) Yosoo 12V 10RPM Worm gear motor
DC motor(Control) Greartisan 12V 78RPM gear motor
Servo motor Sincecam 40kg High Torque Servo

Omniwheel(Driving) || GTF Robots | 100mm Aluminum Omniwheel
Omniwheel(Control) || GTF Robots | 70mm Aluminum Omniwheel

Torsion spring Mcmaster 9271K592
SEA Shaft Robot shop 6mm D Shaft
Bearing Mcmaster 57155K585, 7804K141
Microprocessor Arduino Uno
Motor controller Pololu TB6612FNG

Power Supply AlloverPower | 3-24V DC Power Supply Kit

* Body frame, Robot arm, SEA Disk 2 are 3D printed, and SEA Disk 1 is laser cut aluminum.

6.2 Static Analysis

Analyzing the statics of Model S4 offers valuable insights into the necessary forces
required to maintain a stable pose and navigate within the pipe. This understanding is crucial for

selecting hardware components, particularly motors, that can provide the required torques.

6.2.1 Driving Wheel and Servo Motor Torques

Figure 6.11 illustrates the free-body diagram of Model S4’s front view within a tilted

4-inch pipe. The statics parameters are outlined in Table 6.4. r; and r. denote the radii of the
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Figure 6.11. Statics(Front-view): Required Driving wheel and SEA torques for driving a robot
and maintaining the stable pose inside the tilted pipe with pitch angle 6.

Figure 6.12. Statics(End-view): Required Control wheel torques for the roll control with roll
angle ¢.
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Table 6.4. Statics Parameters

Categories Parameters Magnitude
Driving wheel radius T4 50.00mm
Control wheel radius e 35.00mm

Arm length d 92.18mm

Body frame length ) 135.50mm
SEA distance n(ny,n;) 22.92mm, 16.09mm

Arm angle ap, 0 0.63° (4 inch pipe)
Control wheel angle B1, B2 75°

Total mass m 950g

Distance dy,dr,ds,dy | 13.87mm, 53.93mm, 15.32mm, 2.96mm
Roll, Pitch, Yaw 0,0,y -
Wheel force F s Fz, F3, Fy -
Wheel torque 11,72, T3, T4 -
SEA torque T5, Tg -
Reaction force R{,R>,R3,R4 -
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Figure 6.13. Required motor torques about pitch (roll) angle.
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driving and control wheels, respectively. d represents the arm length from the SEA shaft center,
and [ is the body length, indicating the distance between the two Control wheel centers. 7 is
the length between the Control wheel and SEA shaft centers. The angles (|, a; denote the arm
angles, while 31, B, indicate the Control wheel angles. As the pipe tile angle is 0, gravitational
forces can be expressed as mgsin 6 and mgcos 0 in the x and z axes. According to Newton-Euler

equations, the sum of forces and torques at static equilibrium can be expressed as follows,

ZFX :F1+F,=mgsin0,
Y F.:Ri+Ry=R3+R4+mgcosH,

Y T+ T =P+ rab,

. [ mgcos@ mgsin 0
Z’CslZ‘L'5:—Fl(a'81n061—I—rd)—Rl(dCOSOtl)—dg,Ry,—(l’lx—FE) g2 4 g2 ,
. [ mgcos@ mgsin 0
ZTSQ:‘L'6:—Fz(dSlI‘lOCz—i—l’d)—Rz(dCOSOCz)—d3R4—(nx—|—§) g2 dy g2 ,
[ l
Zrb:R1(§+nx+dcosa1):R3(§+rccosﬁ1)+d2F1, (6.4)

where F; and F; represent the forces propelling the robot forward or backward, and Ry, R, R3,
and R4 denote the reaction forces on the wheels. 7,, and 7, indicate the required torques of the
Driving wheel DC motor and SEA servo motors. T, is the sum of torque at the mass center
located in the middle of the body frame. Assuming symmetry between the left and right halves
regarding control wheel and arm angles, forces, and torques, (6.4) can be simplified and solved

for t,, and 7,

rgmg sin 0
g, = fmgsing,
mgcos 6 mgsin 0
T, = C1R1 + d3R3 + crF + ¢3 g — g

2 4T

: (6.5)
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with constants defined as,

cir=dcostt, cpy=dsincx+r, c3=n,+—,

2
[ [
C4:§+I’lx—|—dCOSOC, C5:§+rcosﬁ.
Furthermore, the reaction forces can be expressed as,
Cc5ng COS 0— 2d2F C4R1 — sz
Ry = , R3= .
2(cs5 —ca) cs

Figure 6.13 illustrates the necessary motor torques computed by (6.5). The required DC motor
torques, denoted as T,,, vary with the pipe tilt angle 6. The maximum torque needed for climbing
the vertical pipe was 220.73mNm. The variable 7, undergoes changes as the pipe tilt angle
varies. Within the 4-inch pipe, the arm angles are constant at 0.63°. Hence, 7y is a function of 0,
and Figure 6.13 represents the required SEA torque to maintain the robot pose inside the pipe
depending on the pipe tilt angle. The maximum 7, occurs when the pipe is vertical, amounting to

488.66mNm.

6.2.2 Control Wheel Torque

Figure 6.12 is the free body diagram of the end-view. As the robot rolls with an angle ¢,

the sum of forces and the torque on the Control wheel center can be written as,

Y Fy: 34+ Fy = mgsing, (6.6)

Y T : T3+ 14 = Faresin i + Fyresin fy. (6.7)

where d is the distance between the Control wheel center and the mass center. T, represents the

required torque of the Control wheel motor. Assuming that both the Control wheels’ forces and
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Figure 6.14. Electonics setup for Model S4 control.

torques are the same, then (6.7) can be rewritten about 7,

(resinfB)mg sin(p' 6.8)

C:

As expressed in (6.8), the roll angle ¢ influences the required torque, as depicted in Figure 6.13.

The maximum torque reached 149.24mNm when the roll angle was 90o0.

6.3 Experiment

The prototype Model S4 is operated by a user, and the electronics setup is illustrated
in Figure 6.14. The power source supplies 12 volts to the motor driver(TB6612FNG) and
DC motors. A voltage regulator(LM2596) converts power to 8 volts for servo motors and
a microprocessor. A wireless module(NRF24L.01) enables wireless communication with the
Arduino joystick shield. The joystick is utilized to control forward-backward motions, roll, and

arm angles.

6.3.1 Roll Motion

In a roll control test conducted inside the 4-inch diameter horizontal pipe, the robot
demonstrated its ability to roll by actuating the control wheel motors, which are orthogonally

installed to the body and driven by geared motors. As indicated in 6.2, each motor’s required
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(c) 90° Clock wise. (d) 180° Roll.

Figure 6.15. Roll motion test inside the 4-inch pipe.

torque for roll control reaches a maximum of 149.24mNm at a 90° roll angle. The control wheel
motors, with a rated torque of 193.13mNm, provide sufficient torque to control the robot’s roll
at any angle. Figure 6.15 depicts the roll motion test inside the pipe, showcasing the robot’s
capability to roll in both directions up to 90° and 180° angles. The Series Elastic Actuators(SEAs)
generate continuous pushing forces against the wall, ensuring the robot maintains stability
during the roll test. The video of the roll test experiment can be viewed at the following link:

https://youtu.be/sGsYZAuReSo
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(a) Curve (b) T-joint

Figure 6.16. Model S4 inside the curve and T-joint.

6.3.2 Curve Maneuver

In the pipe networks, which include both angled curves and straight pipes, Figure 6.16a
illustrates the robot navigating inside a 4-inch diameter curve. Upon reaching the curve, the
robot continues its forward movement, simultaneously adjusting the rear robot arm to press
against the pipe wall by modifying the rear arm angle. As the robot negotiates the corner of the
curve, the Control wheels are activated to induce a roll until the robot’s pose aligns vertically.
This strategic approach prevents the robot from becoming stuck inside the corner, ensuring a
smooth traversal around the curve and allowing it to proceed to the next section of the pipeline.
The video demonstrating the curve maneuver test experiment is available at the following link:

https://youtu.be/W5P9tW S4jkk

6.3.3 T-joint Maneuver

Figure 6.16b showcases the robot navigating inside a 4-inch diameter T-joint. The
strategy employed for T-joint maneuvering is depicted in Figure 6.17. Leveraging the continuous

grabbing forces provided by the SEAs of Model S4 to the robot arms against the pipe wall, a
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(D Entering T-joint (@ Front control wheel @ Both control wheels
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the pipe wall the pipe wall

& Complete roll until
the robot is straight
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the next pipe line

(® Actuate control wheels
to roll the robot until
the rear driving wheel
contact the bottom wall

@ Rear driving wheel
contact the opposite
side pipe wall and
drive reverse way

Figure 6.17. 4-inch diameter T-joint pipe maneuvering.

minimum of three wheels are in constant contact with the wall during the traversal of a T-joint.

Upon entering the T-joint, the front Driving wheel moves into the joint, causing the front
Control wheel to separate from the pipe wall. Arm angles are then adjusted by actuating SEA
servo motors, ensuring the maintenance of grabbing forces and a stable pose until the front
Control wheel attaches to the next pipeline wall. Subsequently, by modifying the arm angle, the
rear driving wheel comes into contact with the opposite side pipe wall. As the rear driving wheel
makes contact with the pipe wall, the rear driving wheel is actuated in the reverse direction,
providing the necessary pushing force for the robot to move forward. During the continued
maneuvering of the robot to the next pipeline, the rear driving wheel experiences slippage at
the corner of the T-joint. To address this slippage, the Control wheels are actuated to roll the
robot until the rear driving wheel contacts the bottom pipe wall. Simultaneously, the Driving
wheels are actuated forward to complete the roll until the robot is in an upright position, enabling
it to proceed to the next pipeline. The T-joint experiment video is available at the following link:

https://youtu.be/WpIB3E11ksE
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6.4 Analysis

In this chapter, we introduced a novel pipe inspection robot design named Model S4,
designed specifically for operations within a 4-inch pipe network. The robot is equipped with four
omniwheels driven by DC motors, with two wheels controlling forward and backward motions
and the other two aligned orthogonally to the body centerline for roll control. Additionally,
a torsion spring and a servo motor embedded in a Series Elastic Actuator(SEA) enable the
adjustment of robot arm angles, providing continuous force against the pipe wall, particularly
during maneuvers such as turning curves or navigating T-joints. The static analysis conducted
provides the necessary torques for both DC motors and SEA servo motors, which is crucial for
the selection of appropriate hardware components. Tests were carried out to validate the mobility
of the proposed mechanical design within pipeline curves and joints. The results demonstrate
the robot’s capability to navigate through curves and T-joints, showcasing its potential for
exploring complex pipeline environments. Future work will concentrate on the development
of an autonomous navigation control algorithm tailored for pipeline operations. A feedback
control system will play a pivotal role in achieving autonomous navigation, utilizing an Inertial
Measurement Unit (IMU) sensor to maintain a stable pose during operations, especially when
traversing curves and T-joints. Given the reliance on battery power, the algorithm will prioritize
energy-efficient operation, ensuring thorough exploration of all pipelines with minimal travel
distance. Additionally, the incorporation of camera vision for pipe damage detection will be

explored and implemented in future iterations of the robot.
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Chapter 7

Conclusion

This thesis discusses three main topics. First, the cable-driven boat motion simulator is a
mechanical system that has a platform connected to eight cable moves replicating the 6-DOF boat
motion. Since cable-driven parallel robots(CDPRs) use cables that are only capable of pulling
an object but cannot push it, it is crucial to maintain the proper cable tensions. In either case,
when cable tensions are too high or too low, the system can fail, the structure can be damaged
due to very tight cables, or they cannot move properly as the cables are slack. Controllers of
cable-driven parallel robots are required to control the motions of the platform and perform cable
tension optimization. Our eight cable-6 DOF simulator is an underdetermined system that has
many tension solutions at the equilibrium. We suggested a Control Lyapunov Function(CLF)-
Quadratic Program(QP) controller to control motion and optimize cable tensions. The simulation
and hardware model experiments allowed us to validate and refine our approach to controlling
the boat motion simulator. A simulation model was suggested to test the performance of the
controller. 6-DOF periodic motion and ship model motion were used as desired motions. The
results illustrate that the CLF-QP controller can be useful to control the platform motion of
CDPRs with tension limits set by users. The CLF-QP controller controls a platform motion
with small errors and maintains cable tensions in the desired boundaries without optimization
violations. The hardware model test focused on applying the optimal tension calculated by

the CLF-QP controller and testing the motion control accuracy by leveraging a motion capture
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system. The test results reveal that the desired tension, computed using CLF-QP methods with
CDPR dynamics, effectively propels the platform towards the desired state, particularly evident
in the low-frequency test. However, we have also observed many tasks to improve the results
in hardware parts and algorithms. In addition to the control problem, workspace analysis for
parameter optimization was considered. This research examines workspace analysis to optimize
the parameters of the simulator. The study considers three parameters: platform height, width,
and cable attachment point, to investigate their impact on the feasible workspace. The results
indicate that increasing platform height leads to a smaller workspace when the platform rolls but
a larger workspace when a roll is not applied. Platform width significantly affects the workspace,
with smaller platforms allowing for a larger feasible workspace in all cases. Also, when the cable
attachment point is small and close to the platform’s corners, the workspace becomes smaller
due to the high chance of cable-to-cable interference. A larger cable attachment point usually
results in a larger workspace because the distance between cables is farther. Overall, the findings
from simulation tests suggest that smaller platform widths and larger cable attachment points
are beneficial for achieving a larger workspace. However, it is essential to consider practical
constraints such as platform size, which provides enough space for electronics and sensors on the
platform. Also, there should be sufficient room to perform landing tests for specific applications,
such as developing an automatic aerial vehicle landing on a moving platform.

The Second topic was camera image-based rotation estimation. This study presents
the moving platform rotation estimation algorithm for the landing of aerial vehicles, especially
considering a quadrotor equipped with a camera. Assuming that a circular image with nine
markers is on the moving platform, and a quadrotor tracks the platform center. A quadrotor
camera obtains a circular image on its image plane. Camera images are distorted because of the
foreshortening effect. Thus, if the platform is rotated, circular marker images become ellipses on
the image plane. By analyzing the ellipse determined by marker positions, the rotation estimation
of a platform can be achieved. Simulation and hardware models were tested, and the results

showed that the rotation estimation algorithm was performed with less than 0.710~'? degrees

105



RMSE. We suggested a platform pose estimation algorithm, leveraging 2D circular patterns
camera images. The validation through hardware model tests lays a foundation for more accurate
and reliable algorithms.

Finally, we introduced an innovative pipe inspection robot design, denoted as Model S4,
designed specifically for operation within 4-inch pipes. This robot incorporates four omniwheels,
each powered by DC motors. Two of these wheels facilitate the robot’s forward and backward
movements, while the other two are oriented orthogonally to the body’s centerline to enable
effective roll control. Notably, the robot integrates a Series Elastic Actuator (SEA) featuring
a torsion spring and a servo motor. This SEA mechanism allows for dynamic adjustments in
the robot’s arm angles, ensuring a continuous force against the pipe wall during operations,
particularly when navigating curves or T-joints. Through static analysis, we gained valuable
insights into the necessary torques for both the DC motors and SEA servo motors, aiding in the
selection of appropriate hardware components. Rigorous tests were conducted to validate the
mobility of the proposed mechanical design, demonstrating the robot’s capability to navigate
through pipeline curves and joints successfully. The results affirm the effectiveness of the Model

S4 in exploring intricate pipeline configurations.
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Chapter 8

Future Work

8.1 Cable-driven Boat Motion Simulator

Future work will focus on enhancing hardware capabilities to facilitate the development
of a real-time feedback control system. This involves incorporating state estimation techniques
such as Kalman filtering and forward kinematics for improved accuracy. Additionally, there
is a plan to build a larger model to extend the scope of testing, particularly for drone landing
scenarios. The final goal of the cable-driven boat motion simulator project is to build a large-size
model to develop the landing control system by using actual drones. To achieve this objective,
the simulator must be built in scale-up size to actually test the landing of the aerial vehicle used
in maritime operations. A more precise hardware system is required for a larger simulator. Based
on the experience of the small-size hardware test, the cable level winding is needed to avoid

cable entanglement.

8.2 Camera Image-based Platform State Estimation

The future agenda for Camera Image-based Rotation Estimation involves refining the
algorithm and advanced hardware tests. Since estimation errors were consistent, a hardware
model could be calibrated by performing further tests to minimize errors. In addition, the
OpenCV algorithm needs improvement for more accurate circle detection. In our study, a

quadrotor is assumed to be hovering on the platform center. However, as the platform moves
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in 6-DOF motions, there must be a tracking error causing the drones not to be aligned to the
platform center. Thus, the algorithm needs to have the capability to estimate not only the
rotation of the platform but also the translational motions, including surge, sway, and heave.
Additionally, in the hardware test, the calibration has to be done with the stationary platform to
correct the consistent estimation errors, and the further test has to be done with a dynamically
moving platform. Thus, estimation equations need to be modified to account for the offset in the
ellipse center position. Advanced hardware tests will be performed using a cable-driven motion
simulator. Circular pattern markers will be set up on the simulator’s platform, and a camera will

be located on the simulator to perform the state estimation for the dynamically moving platform.

8.3 Pipe network Inspection Robot

For the Pipe Network Inspection Robot, our future plans involve the integration of sensors
to build a feedback control system for autonomous maneuvering. This includes the incorporation
of IMU sensors. The IMU sensor provides roll angle data, facilitating the actuation of control
wheels for effective roll control. Utilizing the driving wheel motor encoder data and IMU sensor
data will enable precise control over forward and backward motions. Furthermore, an encoder
sensor embedded in the Series Elastic Actuator(SEA) will measure the robot arm angle, allowing
for the calculation of the force generated by the SEA and control over the arm angle. The
ongoing work primarily focuses on modifying the robot design to accommodate these sensors,
involving the redesign of the body frame to incorporate an encoder sensor and a disk for arm
angle measurement. Subsequent testing will evaluate the functionality and efficacy of these
sensors. Simultaneously, our efforts will extend to the development of an automated navigating
system algorithm, aiming to optimize the robot’s path for efficient exploration of pipe networks,
especially by saving the battery of the automated version of the robot. These future initiatives
are geared towards enhancing the capabilities and reliability of each system, opening paths for

broader applications, and improving overall performance.
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